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1 Summary 
Nonhost resistance (NHR) is the most durable form of plant immunity and is effective against all 
genetic variants of a pathogen. NHR wards off non-adapted pathogens using pre- and postinvasion 
defenses. In Arabidopsis, PEN2 is required for preinvasion resistance to the Asian soybean rust 
fungus Phakopsora pachyrhizi while PEN2, PAD4, and SAG101 together are needed for postinva-
sion NHR in the mesophyll. Transcriptional profiling of infected and mock-treated Arabidopsis 
wild type, pen2 and pen2 pad4 sag101 mutants identified 24 novel putative NHR genes whose 
expression is specifically associated with postinvasion mesophyll resistance to P. pachyrhizi. In 
the Arabidopsis pen2 mutant, individual silencing or mutation of candidate NHR genes CL4, CL7, 
CL15, CL16 (BRT1; UGT84A2), CL22 and CL23 attenuated postinvasion mesophyll resistance to P. 
pachyrhizi. Furthermore, stable overexpression of individual candidate genes (CL4, CL7, CL13, 
CL22 and CL24) in the soybean host conferred enhanced immunity to the rust fungus. Hence, evi-
dence is provided that transfer of Arabidopsis NHR genes can significantly improve pathogen re-
sistance of  crop plants. Genes identified in this study will be used in future breeding programs for 
production of soybean varieties with durable resistance to Asian soybean rust. 
2 Zusammenfassung 
Nichtwirtresistenz (NWR) von Pflanzen bietet einen effektiven Schutz gegen sämtliche genetische 
Varianten eines Pathogens. Sie  ist eine der beständigsten Formen der Immunität von Pflanzen. 
Nichtwirtresistenz umfasst sowohl prä-, als auch postinvasive Abwehrmaßnahmen. Die präinva-
sive NWR von Arabidopsis gegen Phakopsora pachyrhizi hängt von PEN2 ab. Indes sind PEN2, 
PAD4, und SAG101 gemeinsam zur Aufrechterhaltung der postinvasiven NWR im Mesophyll not-
wendig. Durch eine globale Analyse des Transkriptoms infizierter und schein-infizierter Ara-
bidopsis-Wildtyppflanzen, sowie der pen2- und pen2 pad4 sag101-Mutante konnten in dieser Stu-
die neue putative NWR-Gene identifiziert werden, deren Expression spezifisch mit postinvasiver 
Abwehr gegen P. pachyrhizi im Mesophyll korreliert. Die gezielte Unterdrückung der Expression 
der Kandidatengene CL4, CL7, CL15, CL16 (BRT1; UGT84A2), CL22 und CL23 in der Arabidopsis 
pen2-Mutante führte zur Abschwächung der postinvasiven Mesophyll-Resistenz gegen 
P. pachyrhizi. Zudem erhöhte die Expression der Arabidopsis-Kandidatengene CL4, CL7, CL13, 
CL22 and CL24 die Immunität von Soja gegen den Rostpilz. Die Studie zeigt, dass der biotechnolo-
gische Transfer von Arabidopsis NWR-Genen die Resistenz von Nutzpflanzen gegen angepasste 
Pathogene signifikant erhöhen kann. Damit bietet sie einen vielversprechenden züchterischen An-
satz zur Herstellung von Sojasorten mit dauerhaft erhöhter Resistenz gegen den asiatischen Soja-
bohnenrost. 
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3 Introduction 
Plants are constantly exposed to a variety of abiotic and biotic stresses. In coevolution with path-
ogens, they have developed various mechanisms to recognize and defend attacking pests. If a plant 
is susceptible to a pathogen it is referred to as susceptible to the disease resulting in a compatible 
interaction. By contrast, resistance is the result of incompatibility between a plant and a pathogen 
leading to an incompatible interaction. 
 Basal resistance, PAMP triggered immunity (PTI) 
Even in compatible interactions attacking pathogens face plant defense components that have the 
potential of limiting the degree of infection. A prerequisite for pathogen-induced activation of ba-
sal defense responses is the perception of pathogen attack by the plant. In basal resistance induc-
tion of defense responses depends on recognition of conserved pathogen-associated molecular 
patterns (PAMPs) by transmembrane pattern-recognition receptors (PRRs) (Jones and Dangl, 
2006; Boller and Felix, 2009). PAMPs are unspecific elicitors which are defined as invariant 
epitopes within molecules that are indispensable to a pathogen’s fitness or survival, widely con-
served across genera, and not occuring in the plant (Medzhitov and Janeway, 1997; Nürnberger 
and Brunner, 2002; Jones and Dangl, 2006). As they may also be present in nonpathogenic micro-
organisms, the alternative term ‘microbe-associated molecular patterns’ (MAMPs) has also been 
used (Boller and Felix, 2009). Well described elicitors comprise the conserved N-terminal domain 
of eubacterial flagellin (flg22)(Schuster and Khan, 1994; Felix et al., 1999), lipopolysaccharides 
(LPS), and elongation factor EF-Tu (Zipfel et al., 2006), as well as fungal chitin and ergosterol 
(Felix et al., 1993; Kauss et al., 1999; Eckardt, 2008).  Recognition of these molecules by PRRs 
triggers, amongst others, activation of mitogen-activated protein kinase (MAPK)-dependent sig-
naling cascades (Asai et al., 2002) to activate a PAMP-triggered immunity (PTI). PTI is often asso-
ciated with early induction of defense responses such as changes in ion fluxes over the plasma 
membrane (Wendehenne et al., 2002; Chinchilla et al., 2006), accumulation of reactive oxygen 
species (ROS) (Apel and Hirt, 2004; Chinchilla et al., 2007), phytoalexin accumulation (Hamada et 
al., 2012), ethylene release (Stepanova and Alonso, 2009), changes in protein phosphorylation 
(Peck et al., 2001; de la Fuente van Bentem and Hirt, 2007), transcription of pathogenesis-related 
(PR) genes (Zipfel et al., 2004), and cell wall fortification (Gómez-Gómez et al., 1999). Interest-
ingly, components of PAMP perception and the activated signaling cascades are partially similar 
to mammalian innate immune signaling pathways, suggesting a conserved molecular concept of 
non-self recognition and immunity in eukaryotes (Nürnberger and Lipka, 2005).  
3 Introduction 10 
 R gene-mediated resistance/Effector-triggered immunity (ETI) 
To overcome PTI, pathogens might secrete specific effector molecules (avirulence (AVR) proteins) 
that can assist infection via suppression of PTI and manipulation or inhibition of host defense 
components finally leading to so-called effector-triggered susceptibility (ETS) (Hauck et al., 2003; 
Bent and Mackey, 2007; Hogenhout et al., 2009). However, during evolution plants have re-
sponded to these effectors through development of cytoplasmic R proteins, the majority belonging 
to the nucleotide binding-leucine-rich repeat (NB-LRR) family (Luck et al., 2000; Caplan et al., 
2008). These proteins either directly recognize the presence or activity of a single effector or they 
‘guard’ host proteins to detect effector-host interactions (Van der Biezen and Jones, 1998; 
Chisholm et al., 2006). If a corresponding R protein is present in an attacked plant cultivar, effec-
tor-triggered immunity (ETI) is induced.  ETI is specific to the pathogen strain or race and is typ-
ically associated with hypersensitive cell death responses (HR) which can slow down pathogene-
sis and prevent further spread of a biotrophic pathogen (Dangl and Jones, 2001). Effector recog-
nition, in turn, enhances selection pressure on the pathogen, thus eventually leading to the loss or 
the evolution of novel or mutated effector molecules that are no more recognized by the plant, 
restoring virulence of the pathogen. As a consequence new plant receptors evolve that can recog-
nize these novel effectors, resulting again in ETI. Thus, effector molecules act as two-edged swords 
that enable infection but trigger resistance when recognized by a plant. This coevolution between 
plants and plant pathogens leads to an armsrace that has been summarized in the  ‘zig zag model’ 
of plant immunity (Jones and Dangl, 2006). Although being widely accepted, the ‘zig zag model’ 
might simplify the actual situation too much (Boller and Felix, 2009; Thomma et al., 2011). Ac-
cording to this model, PTI is triggered by PAMPs whereas ETI is induced by effectors, with ETI 
being quicker, more prolonged and more robust than PTI (Tao et al., 2003; Jones and Dangl, 2006; 
Tsuda and Katagiri, 2010). However, several recent reports raised doubts about whether a strict 
separation between PAMPs and effectors, PRRs and R proteins, as well as  PTI and ETI does gen-
erally apply (reviewed by Thomma et al., 2011). Instead it seems likely that  ETI and PTI form a 
continuum. 
 Damage-associated molecular patterns (DAMPs) as activators of immune 
responses 
Like in animals, recognition of invading microbes can also be elicited by so-called damage-associ-
ated molecular patterns (DAMPs). These endogenous elicitors are typically localized to the apo-
plast and are released from damaged plant tissue upon pathogen attack. Prominent examples of 
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DAMPs that have been identified over the past few years comprise the 18-amino-acid peptide sys-
temin from tomato (Schilmiller and Howe, 2005) and the Arabidopsis 23-amino-acid peptide 
AtPep1 (Huffaker et al., 2006). Furthermore, cell wall fragments (e.g. oligogalacturonides) or cutin 
monomers released from the cell wall or cuticle upon secretion of pathogen cell wall degrading 
enzymes (CWDEs), such as polygalacturonases or cutinases, can act as DAMPs thereby eliciting 
defense response in several plants (De Lorenzo et al., 2001, 2011).  
 Induced resistance 
In addition to the above described immune responses, pathogens face a third line of inducible 
acquired immune responses which lead to systemic acquired resistance (SAR). After a primary 
local infection by necrotizing pathogens, MAMP, PAMP, or effector perception, systemic responses 
are triggered in distal plant parts, establishing a long lasting enhanced defense capacity against a 
broad spectrum of pathogens  (Durrant and Dong, 2004; Conrath, 2006, 2011). While SAR strongly 
depends on the plant hormone salicylic acid (SA), a second form of inducible immunity, induced 
systemic resistance (ISR), relies on the accumulation of jasmonic acid (JA) and ethylene (ET) in 
response to colonization with growth-promoting, non-pathogenic rhizobacteria (Pieterse et al., 
1998; Conrath et al., 2006; Conrath, 2011). Furthermore, besides direct activation of defense 
mechanisms during SAR or ISR, first contact with MAMPs, elicitors or beneficial microbes can 
prime plants for enhanced activation of immune responses upon subsequent infections. Primed 
cells respond more rapidly and robust to low levels of a stimulus than non-primed cells (Conrath, 
2011).  
 Nonhost resistance (NHR) 
The most common form of plant immunity is called nonhost resistance NHR and is defined as the 
resistance of all variants of a given plant species to all isolates of a given pathogen (Heath, 2000). 
While virulent pathogens are denoted as adapted pathogens, potentially phytopathogenic micro-
organisms that are incapable of successfully infecting any cultivar of a given plant species are re-
ferred to as non-adapted or heterologous pathogens (Nürnberger and Lipka, 2005; Niks and 
Marcel, 2009; Schulze-Lefert and Panstruga, 2011). In contrast to other forms of resistance NHR 
is a very stable and robust form of resistance that relies on multiple defense components 
(Nürnberger and Lipka, 2005). NHR comprises preexisting physical and chemical barriers as well 
as inducible reactions. Constitutive defense barriers (wax layers, cuticle, cell walls, or antimicro-
bial secondary metabolites like phytoanticipins) being present even before first contact with the 
pathogen can inhibit the initial development of microbial infection structures (Dixon, 2001; Heath, 
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2000; Kamoun, 2001; Nürnberger et al., 2004). Additionally, actin cytoskeleton (Kobayashi and 
Hakuno, 2003; Yun et al., 2003) and cell wall–plasma membrane connectivity (Mellersh and 
Heath, 2001) have been shown to represent essential preformed but responsive elements of NHR. 
If these preexisting defensive structures are overcome by a pathogen, plants are capable of acti-
vating a battery of inducible innate immune responses upon pathogen recognition at the plasma 
membrane. Similar to plant basal defense responses non-self recognition and receptor-mediated 
defense of nonhost plants have also been shown to depend on PAMP/MAMP perception (Gómez-
Gómez and Boller, 2002; Nürnberger and Brunner, 2002; Parker, 2003; Espinosa and Alfano, 
2004; Jones and Takemoto, 2004). Alternatively, nonhost defense reponses can be triggered by 
DAMPs, released in response to pathogen attack (Vorwerk et al., 2004). Furthermore, several 
studies account for an important role of ETI in NHR to non-adapted bacterial pathogens (Sohn et 
al., 2012; Asselin et al., 2011). Typical defense reactions that are activated upon recognition of a 
non-adapted pathogen by the plant include the accumulation of ROS and phytoalexins, PR gene 
expression, localized reinforcement of the plant cell wall and the hypersensitive response (HR) 
(Mysore and Ryu, 2004; Nürnberger and Brunner, 2002; Thordal-Christensen, 2003). However, it 
is still unclear whether recognition of one or more PAMPs, or simultaneous recognition of multiple 
AVR proteins by several corresponding plant R proteins is responsible for nonhost defense induc-
tion (Mysore and Ryu, 2004). In contrast, several signaling components, mediating elicitor-in-
duced defense responses in nonhost plants have been identified. These comprise altered cytoplas-
mic calcium levels, ROS, including nitric oxide (NO) and MAPK cascades (Zhang and Klessig, 2001; 
Jonak, 2002; Nürnberger et al., 2004). Similarly, several plant hormones, including jasmonic acid 
(JA), ethylene (ET) and salicylic acid (SA), can play crucial roles in resistance to non-adapted path-
ogens (Mysore and Ryu, 2004). For example, Arabidopsis NHR against different non-adapted rust 
species can depend on functional SA or JA signaling (Mellersh and Heath, 2003; Loehrer et al., 
2008).  
Until few years ago little was known about components executing nonhost resistance. In 1999, 
Thomma et al. (1999) revealed that nonhost resistance of Arabidopsis to Alternaria brassicicola 
was compromised in phytoalexin deficient 3 (pad3) mutants, indicating an important function of 
the Arabidopsis phytoalexin camalexin in resistance to the necrotrophic fungus. A major break-
through in the understanding of NHR was the discovery of the  penetration (pen) mutants of Ara-
bidopsis (Collins et al., 2003; Stein et al., 2006; Lipka et al., 2005). These provided first insights 
into the genetic basis of NHR. In contrast to the wild type, pen1, pen2, and pen3 mutants allow 
invasion of non-adapted fungal pathogens, such as Blumeria graminis f. sp. hordei (Bgh) (Collins 
et al., 2003; Lipka et al., 2005; Stein et al., 2006), P. pachyrhizi (Loehrer et al., 2008) and other 
microbes (Lipka et al., 2005; Sumit et al., 2012). Interestingly, Lipka et al. (2005) showed that 
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among all pathogens included in their study, loss of preinvasion resistance in pen1 mutants was 
limited to non-adaped powdery mildew species, whereas preinvasion resistance of pen2 mutants 
was impaired for a broader spectrum of non-adapted, distantly related pathogens (Lipka et al., 
2005), suggesting the existence of both conserved and specific mechanisms in nonhost defense 
responses. This finding is further supported by several other studies which revealed both over-
lapping and distinct modes of defense in different nonhost interactions (Mellersh and Heath, 
2003; Atienza et al., 2004; Trujillo et al., 2004; Fan and Doerner, 2012). PEN1 encodes a plasma 
membrane-anchored syntaxin with a soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) domain (Collins et al., 2003). PEN1 is likely involved in secretion and cell 
wall modification at sites of mildew attack (Collins et al., 2003; Assaad et al., 2004; Bhat et al., 
2005). PEN2 seems to be a glycoside hydrolase-type enzyme with myrosinase activity (Lipka et 
al., 2005). PEN2 likely converts biologically inactive glucosinolate precursors into active antifun-
gal compounds (Lipka et al., 2005; Bednarek et al., 2009; Clay et al., 2009) with an important role 
in disease resistance. Production of PEN2 substrate and cytoskeleton-mediated peroxisome de-
livery to fungal penetration sites are important for Arabidopsis NHR to fungal pathogens (Lipka 
et al., 2005; Miklis et al., 2007). The pleiotropic drug resistance (PDR) ATP binding cassette (ABC) 
transporter PEN3 (also referred to as PDR8) is a transmembrane protein that appears to transport 
these activated glucosinolates over the plasma membrane at sites of attempted fungal penetration 
to counter fungal invasion (Lipka et al., 2008; Stein et al., 2006). Although pen mutants allow in-
vasion of non-adapted fungal pathogens, postinvasive fungal growth always ceases in pen, and 
this is frequently associated with cell death or formation of effective wall appositions  in cells with 
contact to the pathogen (Collins et al., 2003; Lipka et al., 2005; Loehrer et al., 2008; Stein et al., 
2006).  This finding strongly suggested that Arabidopsis NHR comprises different layers of de-
fense (Loehrer et al., 2008; Lipka et al., 2005). In fact, inactivating additional genes with a role in 
plant disease resistance supported fungal reproduction on infected Arabidopsis plants. For exam-
ple, the pen2 pad4 sag101 (for pen2/phytoalexin-deficient 4/senescence-associated gene 101) tri-
ple mutant of Arabidopsis allows Bgh and E. pisi to sporulate (Lipka et al., 2005). This finding 
demonstrated that NHR of Arabidopsis to these two non-adapted pathogens consists of two layers 
of defense. One of these layers depends on functional PEN genes mediating preinvasion resistance, 
while the second one requires EDS1, PAD4, and SAG101 that together are critical for postinvasion 
immunity (Lipka et al., 2005). Besides acting in NHR to fungal pathogens EDS1 has also been iden-
tified as a positive regulator of Arabidopsis NHR to the bacterial pathogen Erwinia amylovora 
(Moreau et al., 2012).  
Notably, CYP79 B27B3-dependent tryptophan metabolism has been reported to be crucial for Ar-
abidopsis NHR to a non-adaped necrotrophic fungus as well as an adapted oomycete (Sanchez-
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Vallet et al., 2010; Schlaeppi et al., 2010), suggesting overlapping functions of tryptophan metab-
olism in host and nonhost resistance, respectively. In contrast, EDR1 was shown to have diverse 
functions in Arabidopsis nonhost and host resistance since edr1 mutants were compromised in 
resistance to non-adapted Colletotrichum species as well as adapted Colletotrichum higginsianum 
and necrotrophic Alternaria brassicicola whereas resistance to the adapted fungal biotroph 
Golovinomyces cichoracearum and the bacterial pathogen Pseudomonas syringae was elevated in 
edr1 mutants (Hiruma et al., 2011; Frye and Innes, 1998).  
Recently, Nakao and collegues demonstrated compromised NHR in Arabidopsis mutants, includ-
ing pen2 NahG pmr5 agb1 and pen2 NahG pmr5 mlo2, when using Magnaporthe oryzae as a non-
host pathogen (Nakao et al., 2011). Furthermore, an Arabidopsis mutant, designated Phytho-
phtora sojae secreted 1 (pss1), being impaired in pre- and postinvasive nonhost immunity to non-
adapted P. sojae has been identified (Sumit et al., 2012). However, the identity and molecular func-
tion of PSS1 are currently unknown.  
Besides Arabidopsis, other plants have also been used for the identification of NHR genes. Barley 
ROR1 (Required for mlo-specified disease resistance 1) and the PEN1 orthologue ROR2 are both 
neccessary to limit mesophyll invasion of Phakopsora pachyrhizi (Hoefle et al., 2009). Additionally, 
ROR2 has been shown to be required for preinvasion resistance to Bgh (Hoefle et al., 2009; Collins 
et al., 2003). Another plant gene affecting NHR to P. pachyrhizi, named inhibitor of rust germ tube 
1 (IRG1), encoding the Cys(2)His(2) zinc finger transcription factor PALM1, has recently been 
identified in a forward-genetic screen using Medicago truncatula Tnt1 retrotransposon insertion 
lines. Irg1 mutants failed to promote the differentiation of preinfection structures of the rust path-
ogens P. pachyrhizi and Puccinia emaculata and of the anthracnose pathogen Colletotrichum trifolii 
(Uppalapati et al., 2012). In N. benthamiana several Avr/Cf-elicited (ACE) genes, in particular the 
calreticulin-encoding ACE35 gene, are required for NHR to Xanthomonas oryzae pv. oryzae (Xoo) 
(Li et al., 2012). 
Besides plant genes that positively affect NHR, susceptibility genes are required for disease pro-
cesses. Loss of such genes (e.g. MLO or Xa13) leads to recessive broad spectrum resistance (Bhat 
et al., 2005; Panstruga, 2005; Hardham et al., 2007; Chu et al., 2006). Other genetic components of 
plant NHR have remained elusive.  
 The Asian soybean rust pathogen Phakopsora pachyrhizi   
3.6.1 Distribution and significance  
Asian soybean rust (ASR or SBR) disease is caused by the obligate biotrophic phytopathogenic 
rust fungus P. pachyrhizi. ASR has become one of the most serious threats to soybean production 
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especially in South America (Yorinori et al., 2005), one of  the major soybean producing areas 
worldwide (Hartman et al., 2011). In the last century P. pachyrhizi spread from Asia to most soy-
bean producing countries around the globe including South and Central America and finally also 
reached the continental United States in 2004 (Schneider et al., 2005). Although soybean rust 
caused by the less aggressive species P. meibomiae has been present in Central and South America 
since the 1970s, the disease became a major problem only after invasion of the highly aggressive 
P. pachyrhizi (Yorinori et al., 2005).  
3.6.2 Host range 
In contrast to other rust fungi, P. pachyrhizi has a very broad natural host range comprising 31 
species in 17 genera of leguminous plants (Ono et al., 1992). Furthermore, 60 additional species 
in 26 genera allow sporulation of the fungus when artificially inoculated under laboratory condi-
tions (Ono et al., 1992). Besides its major host soybean, P. pachyrhizi also infects alternative hosts 
such as Kudzu (Pueraria montana (Lour.) Merr. var. lobata (Willd.) Maesen & S.M. Almeida), which 
is widely distributed in the U.S. and enables the pathogen to overwinter during the soybean-free 
time of the year (Christiano and Scherm, 2007). 
3.6.3 Life cycle 
P. pachyrhizi has been shown to form teliospores on various hosts. However, germination of these 
sexual spores has not been reported in natural settings (Bromfield, 1984). The common spore 
type, that can be observed in emerging uredosori approximately 5-8 days after inoculation are 
asexually produced urediniospores. These are released from uredinia, dispersed by wind and 
serve as inoculum for infection of nearby but also distantly located host plants. Under appropriate 
conditions, urediniospores germinate with a single germ tube (Koch et al., 1983) at whose end an 
appressorium is formed, irrespective of the surface to which the spore has attached. Since the 
formation of P. pachyrhizi appressoria has been reported also on artificial membranes plant-de-
rived signals are not necessary for appressorium differentiation (Hoppe and Koch, 1989). After 
germination of the appressorium P. pachyrhizi directly penetrates the leaf epidermis with an ap-
pressorial cone. In contrast to other rust fungi that typically invade their hosts via natural open-
ings, stomatal penetration is rarely observed (my own unpublished data) and appears to be rather 
a coincidental than a targeted process (Koch et al., 1983). Appressorium formation and penetra-
tion of the epidermis are accompanied by a first burst of gene expression in both resistant and 
susceptible soybean varieties (Van de Mortel et al., 2007; Schneider et al., 2011). In the time be-
tween the early gene expression burst (12hpi) and haustoria formation (24-72 hpi) gene expres-
sion again drops to basal levels suggesting that during early infection P. pachyrhizi elicits a non-
specific defense response similar to PTI which is not sufficient to defeat the pathogen (Schneider 
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et al., 2011). Independent of the penetrated plant being a host or nonhost for the fungus, epider-
mal cells usually undergo cell death upon penetration (Keogh et al., 1980; Loehrer et al., 2008). It 
is still unclear whether this cell death response is actively induced by the plant as a part of the HR 
or whether it is caused by physical damage of the cell during penetration. After penetration the 
hypha traverses the epidermal cell and reaches the intercellular space of the mesophyll. There, a 
septum is formed which separates the penetration hypha from the emerging primary hypha (Koch 
et al., 1983) which in turn branches into secondary hyphae. After this, haustorial mother cells de-
velop and haustoria are invaginated into mesophyll cells. Correlating with haustoria formation, a 
second phase of differential gene expression has been reported to occur in infected leaves of re-
sistant soybean plants whereas significant gene regulation was absent in a susceptible cultivar 
lacking the corresponding R gene (Schneider et al., 2011). In the soybean host, haustoria are mi-
croscopically detectable from 24-72 hpi, depending on the combination of fungal isolate and G. 
max variety (Deverall et al., 1977; McLean, 1979; Koch et al., 1983; Schneider et al., 2011). Timing 
of haustoria formation was similar on nonhost Arabidopsis plants in which haustoria were first 
detected between 24 and 48hpi (own unpublished data). While in nonhost plants fungal prolifer-
ation never proceeded beyond this point (own unpublished data), host mesophyll tissue becomes 
intensely colonized following haustoria development. The life cycle completes with the formation 
of uredosori formed within so-called tan-coloured lesions on susceptible soybean cultivars from 
which newly produced urediniospores are released (Koch et al., 1983).  
3.6.4 NHR of Arabidopsis to P. pachyrhizi 
Compared to interactions with its soybean host, germination of P. pachyrhizi uredospores, appes-
sorium formation and penetration of the epidermal cell layer are similar on Arabidopsis nonhost 
plants (Loehrer et al., 2008 and own unpublished data). Yet, in contrast to host species fungal 
penetration hyphae are most frequently arrested in penetrated epidermal cells of nonhost Ara-
bidopsis wild-type plants (Loehrer et al., 2008). Although macroscopically visible symptoms are 
not detectable after inoculation of Arabidopsis with P. pachyrhizi, penetrated cells usually die 
upon penetration as they do in in host plants. In Arabidopsis this is associated with autofluores-
cence of penetrated cells as well as whole cell callose encasement and accumulation of ROS 
(Loehrer et al., 2008 and own unpublished data). Since the JA-defense marker gene PDF1.2 is in-
duced during early stages of infection it has been hypothesized that P. pachyrhizi might mimick a 
necrotroph to circumvent SA-induced defense, which is potentially more effective than JA/ET-
mediated responses to fend off biotrophic pathogens such as P. pachyrhizi (Loehrer et al., 2008). 
As inferred form PR-1 gene expression profiling in various Arabidopsis genotypes, SA-signaling is 
only activated in mutants with compromised preinvasion resistance to P. pachyrhizi, suggesting 
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that P. pachyrhizi is not recognized as a biotroph until successful invasion of the mesophyll. Sev-
eral mutants showing reduced preinvasion resistance to P. pachyrhizi have been identified. These 
comprise pen1, pen2 and pen3 (Loehrer et al., 2008) as well as powdery mildew resistant 5 and 
powdery mildew resistant 6 (pmr5 and pmr6; own unpublished data). Furthermore, we showed 
that the salicylic induction deficient 2 (sid2) mutant allowed slightly, but significantly, increased 
mesophyll invasion by the fungus (Loehrer et al., 2008). However, this result could not be repro-
duced in following experiments (own unpublished data). Single or combined mutations of other 
genes known to be key players of plant defense did not significantly affect the outcome of the 
P. pachyrhizi-Arabidopsis interaction (Loehrer et al., 2008). 
3.6.5 Soybean resistance to P. pachyrhizi 
Six Glycine max loci (Rpp1, Rpp1b, Rpp2, Rpp3, Rpp4, and Rpp5) have been identified to confer 
either immunity (Rpp1) or resistance to certain isolates of the fungus (Cheng and Chan, 1968; 
Hidayat and Somaatmadja, 1977; Singh and Thapliyal, 1977; Bromfield and Hartwig, 1980; 
McLean and Byth, 1980; Hartwig and Bromfield, 1983; Hartwig, 1986; Monteros et al., 2007), sum-
marized by Schneider et al. (2011)). Yet, until now none of these genes has been cloned (Goellner 
et al., 2010). The  ‘immune’ phenotype of soybean to P. pachyrhizi represents an incompatible 
interaction without any visible disease symptoms on soybean (Bromfield, 1984; Pham et al., 2009) 
whereas resistant cultivars develop reddish-brown (RB-type) lesions with little or no sporulation, 
as it is the case in Rpp2-mediated resistance (Pandey et al., 2011). Interestingly, amongst several 
genes, GmEDS1, GmNPR1, GmPAD4  and GmPAL1 have been shown to be crucial for Rpp2-mediated 
ETI of soybean to P. pachyrhizi (Pandey et al., 2011), revealing overlapping and distinct compo-
nents of host and nonhost defense against the fungus. Rpp2- and Rpp4-mediated resistance have 
been stable for 6 years in Brazil and more than 20 years in Asia (Hartman et al., 2005). Neverthe-
less, R gene-mediated resistance to P. pachyrhizi is not stable in the field (Bromfield, 1984) and 
has been overcome in nature several times since new fungal races can evolve rapidly (Bromfield, 
1984). In addition Rpp-mediated resistance is only effective against specific isolates of the fungus. 
Commercially available soybean varieties with durable resistance to all isolates of the fungus are 
currently lacking (Hartman et al., 2005; Miles et al., 2007; Goellner et al., 2010) and the disease 
can only be controlled by application of fungicides utilizing different modes of action (Miles et al., 
2007). One approach to overcome the lack of resistant soybean varieties includes pyramiding of 
known Rpp resistance genes into modern cultivars. However, alternative strategies such as loss of 
susceptibility breeding (Pavan et al., 2010) or exploitation of NHR genes for engineering of dura-
bly resistant soybean varieties are desirable to guarantee long-term control of the disease. 
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 Aim of this study 
This study aims at elucidating the molecular basis of Arabidopsis NHR to P. pachyrhizi. On a long-
term basis this knowledge will contribute to the engineering of soybean varieties with durable 
resistance to Asian soybean rust via cross-species transfer of Arabidopsis genes encoding key 
NHR components. 
To identify novel Arabidopsis NHR gene candidates a comparative transcriptional profiling of dif-
ferentially resistant wild-type plants and the pen2 and pen2 pad4 sag101 mutant was performed 
after their inoculation with P. pachyrhizi. By doing so, 24 candidate genes with a putative function 
in Arabidopsis postinvasion NHR to P. pachyrhizi were identified. These genes have been func-
tionally characterized for their role in postinvasion NHR using a targeted gene silencing approach 
and mutant analysis. Complementary to this approach candidate genes have been analyzed for 
their contribution to soybean resistance to P. pachyrhizi when overexpressed in the host. Several 
genes were revealed which quantitatively contribute to Arabidopsis NHR and/or resistance of G. 
max to soybean rust disease. This is the first report to provide evidence that Arabidopsis NHR 
genes can be used to improve crop resistance to fungal pathogens. 
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4 Material and methods 
 Plant material and cultivation 
4.1.1 Arabidopsis thaliana  
Ecotypes and mutants of Arabidopsis used in this study are listed in section 9.5. Arabidopsis seeds 
were sown on soil (type VM, Einheitserde Werkverband) covered with a transparent plastic hood 
and stratified at 4 °C for two days. Pots were subsequently transferred in a growth chamber at 8 
h photoperiod, 120 μmol m-2 s-1 photon irradiance, 22 °C, and 65 % humidity to induce germina-
tion. After emergence of seedlings plastic hoods were removed and seedlings transplanted into 
new moist soil. Plants were watered regularly and treated with nematode solution once a week to 
antagonize thrip infestation. Five- to six-week-old plants were inoculated with P. pachyrhizi as 
described below.  
4.1.2 Glycine max 
Soybean cultivar Thunder 2703 RR (Thunder Seed, Inc., Hawley, MN) was used for maintenance 
of P. pachyrhizi and production of fungal inoculum. After germination of seeds on moist filter pa-
per in petri dishes at room temperature (RT) and darkness seedlings were transferred to pots 
with a water soaked 2:1 mixture of soil (P-Substrat, Balster Einheitserde GmbH, Fröndenberg, 
Germany) and sand. Plants were subsequently cultivated at long day conditions (16 hours photo-
period, 22 °C, relative humidity of 75 % and 306 μmol m-1 s-1 photon irradiance) and watered twice 
a week. 
 Fungal material and cultivation 
The P. pachyrhizi isolate used in this study was collected in Brazil and maintained on a susceptible 
soybean cultivar (Thunder 2703 RR brand, Thunder Seed, Inc., Hawley, MN). For inoculation, pri-
mary leaves of 16-day-old soybean plants were spray-inoculated with a solution of fungal uredo-
spores that had been prepared by washing one infected primary soybean leaf in 50 ml 0.1 % (v/v) 
Tween-20 in bidistilled water. Inoculated soybean plants were placed in a dark moist chamber 
(26 °C and 95-100 % relative humidity) for 24 h and then grown as described above. Rust pustules 
became visible on leaves of infected soybean plants approximately 10 days after inoculation. 
 Inoculation of Arabidopsis 
For inoculation of Arabidopsis, uredospores were collected from P. pachyrhizi-infected soybean 
leaves 14 days after inoculation. Spores were suspended in 0.01 % (v/v) Tween-20 at 1 mg ml-1 
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and used for plant inoculation. Mock inoculations were done by spraying 0.01 % (v/v) Tween-20 
with no fungal spores. P. pachyrhizi spore or 0.01 % Tween-20 control suspension was sprayed 
on Arabidopsis leaves until droplets covered the leaf surface evenly (~ 10 ml per 60 plants). In-
oculated plants were covered with moistened plastic domes to ensure high humidity and support 
fungal spore germination. After 24 h in 8 h photoperiod, domes were removed and inoculated 
plants were grown until analysis. 
 Production of transgenic G. max and screening for enhanced resistance 
to P. pachyrhizi 
Full length cDNA or gDNA sequences of Arabidopsis candidate genes were cloned into pDONR207 
as described below (4.11) or synthesized at Geneart (Life Technologies) and sent to BASF Plant 
Science for creation of transgenic soybean plants (Williams 82 background) stably overexpressing 
single candidate genes. After determining transgene copy numbers and transgene expression lev-
els, transformants of the T0 or T1 generation were challenged with P. pachyrhizi and analyzed ac-
cording to the company’s routine screening procedure. Wild-type G. max (variety Williams 82) 
and plants overexpressing single candidate genes were inoculated with 2*105 spores/ml in 0,01 % 
Tween-20 and incubated at high humidity for 24 h in the dark before being transferred to green-
houses. The diseased leaf area of primary leaves and leaflets of the first trifolium was visually 
evaluated 14 days after inoculation and compared to wild-type plants. For propagation, plants 
showing increased resistance to P. pachyrhizi were maintained until seed set.  
 DNA extraction 
4.5.1 Fast and easy DNA extraction 
For fast extraction of plant DNA a slightly modified protocol from Xin et al. (2003) was applied. 
Per sample one young leaf was transferred into a 96-well plate. After adding 50 μL of buffer A (0.1 
M NaOH, 2% (v/v) Tween-20, samples were incubated 10 min at 95 °C, followed by neutralization 
with 50 μL of buffer B (100 mM TRIS-HCl, 2 mM EDTA, pH 2.0). 2 μL of the solution were used as 
template in PCR reactions (4.8.1). 
4.5.2 DNA extraction according to Edwards et al. (1991) 
DNA extraction was performed according to Edwards et al. (1991). Approximately 100mg of 
ground leaf material were incubated in Edwards buffer (200 mM TRIS-HCl pH 7.5, 250 mM NaCl, 
25 mM EDTA, 0.5 % (v/v) SDS) for 10 min at 65 °C and then chilled on ice for another 10 min. 
Samples were mixed with 200 μL of cold chloroform and centrifuged for 5 min at 14.000 rpm at 
RT. Following transfer of the supernatant into new reaction tubes, DNA was precipitated with 200 
4 Material and methods 21 
μL cold isopropanol. The mixture was centrifuged again for 5 min at 14.000 rpm at RT. The pellet 
was washed with 70% (v/v) ethanol, dried and resuspended in 100 μL ddH2O. 1 μL of DNA solu-
tion was used as template in PCR reactions (4.8.1). 
 RNA extraction  
Total RNA was extracted from Arabidopsis leaves as described by Chomczynski and Sacchi (1987). 
50-100 mg of leaf material were harvested into 2 ml reaction tubes containing approximately five 
glass beads (Ø 2 mm, MERCK) and frozen in liquid nitrogen. Tissue was ground for 20 s at 5000 
rpm in a homogenizer (Precellys®24, PEQLAB) and stored in liquid N2 until homogenization in 1 
mL Trizol (380 mM ammonium thiocyanate, 780 mM guanidinium thiocyanate, 59 mM sodium 
acetate, 5 % glycerol, 47.5 ml phenol, pH 5.0). After incubation for 5 min at RT, samples were 
mixed with 200 μl of chloroform, incubated for 3 min at RT and centrifuged for 15 min at 14.000 
rpm (Eppendorf Centrifuge 5417 C) and 4 °C. 500 μL of the upper aqueous phase were transferred 
to a fresh tube, precipitated with equal volumes of isopropanol for 10 min at RT and centrifuged 
for 10 min at 14.000 rpm and 4 °C. The pellet was washed with 70% (v/v) ethanol and centrifuged 
again at 14.000 rpm and 4 °C for 5 min. The supernatant was discarded and the pellet air dried 
before resuspension in 30 µl nuclease free ddH2O. RNA was stored at -20 °C. Concentration of RNA 
was determined via absorbance measurement (4.9.3). 
To enrich high quality mRNA for microarray analysis, the same protocol was followed until chlo-
roform extraction. Following centrifugation the upper aqueous phase was not precipitated with 
isopropanol but instead transferred to RNeasy Mini Spin Columns (Qiagen) and proceeded follow-
ing the manufacturer’s guidelines. RNA was eluted in 40µl nuclease-free ddH2O and stored at -20 
°C. 
 cDNA synthesis 
Preceeding cDNA analysis 1µg of RNA was mixed with 1µl 10x DNase buffer (Fermentas), 1 μl 
DNase (Fermentas), filled up to 10 µl with ddH2O and incubated at 37 °C for 30 min, followed by 
15 min at 70 °C to eliminate DNases. Following DNase treatment, 1 μl of 50 μM random primers 
(N(9)) (Metabion) and 1 μl of bidistilled, nuclease–free water were added and incubated at 65 °C 
for 5 min for improved reverse transcription of GC rich templates known to contain secondary 
structures. Samples were chilled on ice, mixed with 4 μL 5x RT reaction buffer (Thermo Scientific), 
2 μL 10 mM dNTPs (Invitrogen), 0.75 μL RevertAid® reverse transcriptase (Thermo Scientific) 
and 1.25 μL nuclease-free ddH2O and incubated at 10 min at 25 °C followed by 60 min at 42 °C. 
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The reaction was terminated by heating at 70 °C for 10 min. Depending on target gene expression 
levels, cDNA was diluted at least 1:5 prior to RT-qPCR analysis. 
 PCR 
4.8.1 Standard PCR  
For amplification of target DNA sequences specific primers were designed using default settings 
of the Primer 3 online primer design tool (http://frodo.wi.mit.edu/primer3/) or Clone Manager 
Professional Suite version 8.0 and tested in silico for off target hybridization using Primer Blast at 
NCBI (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). All primers used in this study were ob-
tained from Invitrogen, Biomers or Biolegio and are listed in section 9.2. 22.5 µl of PCR Supermix 
(22 mM TRIS-HCl, pH 8.4; 1.65 mM MgCl2; 55 mM KCl; 220 μM of each dATP, dGTP, dTTP and 
dCTP; 20 μL/mL self-made Taq-polymerase (no proofreading, 1kb s-1) and 1/10 vol 10 x loading 
dye solution; in H2O), 1.25 µl forward  primer and 1.25 µl reverse primer (10 µM stock solution 
corresponding to 0.5 µM final concentration of each primer) were mixed with appropriate 
amounts of template. For genotyping 2 µl of plant DNA, extracted according to the protocols de-
scribed in section 4.5.1or 4.5.2, were used as template whereas single bacterial colonies were 
picked with a pipette tip and mixed with the PCR reaction mix for confirmation of positive clones 
from bacterial transformation events. Plasmid DNA was used at a final concentration of less than 
1 ng (1 µl of 1:100 diluted plasmid DNA). Following default conditions were applied for PCR and 
adjusted according to primer melting temperatures (Tm) and PCR product length: 94 °C 3 min, 35x 
(94 °C 30 s, 55 °C 30 s, 72 °C 1 min), 72 °C 10 min, 16 °C 10 min.    
4.8.2 Proofreading PCR 
Primers used in proofreading PCR were designed as described above and obtained from the same 
manufacturers (4.8.1). Proofreading PCR, using the KAPA HiFi DNA polymerase kit (Kapa Biosys-
tems) or the Phusion® High-Fidelity DNA Polymerase (Finnzymes) was performed according to 
manufacturers’ guidelines, to obtain PCR products suitable for cloning. Optimal annealing tem-
peratures were calculated for individual primer pairs using the Finnzyme Tm calculator 
(http://www.thermoscientificbio.com/webtools/tmc/) or determined experimentally using gra-
dient PCR. When using primers with significantly different Tm touchdown PCR was performed, 
beginning with an annealing temperature above the projected Tm of the primers used, then tran-
sitioning to a lower, more permissive temperature over the course of 10–15 cycles (Korbie and 
Mattick, 2008). 
4 Material and methods 23 
4.8.3 Real time quantitative PCR (RT-qPCR) 
Real time quantitative PCR (RT-qPCR) was performed to determine target gene transcript levels. 
Oligonucleotides used in RT-qPCR were designed according to standard criteria (Udvardi et al., 
2008) using Clone Manager Professional Suite version 8.0, and tested in silico for off target hy-
bridization using Primer Blast tool at NCBI (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). 
Primers used for RT-qPCR are listed in section 9.2. Mastermixes containing 5 µl SYBR green (Invi-
trogen), 2.7 µl nuclease-free ddH2O and 0.3 µl of a 10µM Primer Mix containing equal amounts of 
forward and reverse primer spanning the sequence of interest were mixed and pipetted into 96-
well plates (Thermo Scientific). Per reaction 2 µl of at least 1:5 diluted cDNA were used as tem-
plate. RT-qPCR was conducted in an ABI7300 Real-time PCR system at following conditions: 50 
°C for 2 min, 95 °C for 10 min, 95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s, 60 °C for 1 min, and 
95 °C for 15 s (the third and fourth steps were repeated 40 times). A dissociation stage (last three 
steps of thermoprofile) enabling determination of PCR product melting temperatures was rou-
tinely integrated to detect unspecific PCR products or primer dimer formation. Prior to analysis 
of target gene expression levels primer tests were performed to validate specificity of the PCR 
reaction and efficiency of the primer system. Primer efficiency was calculated from the slope value 
of a cDNA-dilution series using the following online tool: http://www.finnzymes.com/java_ap-
plets/qpcr_efficiency.html. Only primers showing an efficiency of 100% (+/-10%) were used for 
gene expression measurements. Target gene transcript levels were routinely normalized to 
ACTIN2 (ACT2) that was similarly expressed among all genotypes and stimuli examined in this 
study. Normalization of target gene expression using alternative, non-regulated and constitutively 
expressed reference genes (F-box family protein/WD-40 repeat family protein (At5g21040), vac-
uolar ATP synthase subunit H family protein, (At3g42050), nitrogen fixation NifU-like family pro-
tein (At5g49940)), designed by integrated analysis of own microarray gene expression data and 
data obtained from the genevestigator Refgene tool (genevestigator.com), were used with similar 
results. The mathematical model by Pfaffl (2001) was used to calculate relative transcript levels.    
 Visualization, purification and analysis of nucleic acids 
4.9.1 Agarose gel electrophoresis 
Nucleic acids (e.g. PCR products, digested plasmids) were separated by agarose gel electrophore-
sis. Depending on the DNA fragments to be separated, 1-2 % agarose was dissolved in 1x TAE 
buffer (30 mM Tris-HCl, 0.1142 % glacial acid, 1 mM EDTA pH 8.0) to which 0.002 % ethidium 
bromide was added after boiling. 1 µl of 6x DNA Loading Dye (Fermentas) was added to 5 µl DNA 
and loaded into the pockets of the polymerized gel. Gel electrophoresis was conducted in 1x TAE 
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running buffer at 80-120 V for approximately 30 min. DNA was visualized under UV light and 
compared to a DNA ladder (Generuler 1kb, Fermentas) to estimate the size of DNA fragments. 
4.9.2 Purification of PCR products 
PCR products were either directly purified from PCR samples using QIAquick® PCR Purification 
Kit (Qiagen) or recovered from agarose gels using the ZymocleanTM Gel DNA Recovery Kit (Zymo 
Research) according to the guidelines of the manufacturer.  
4.9.3 Quantification of nucleic acids 
Nucleic acids were quantified spectrophotometrically in a Beckman DU7500 (Beckman Coulter 
Inc.) diode-array photometer. Absorbance of 1:100 diluted samples was measured at 260 nm and 
280 nm. At 260 nm an optical density (OD) of 1 corresponds to a concentration of 50 μg/mL dou-
ble-stranded DNA or 40 μg/mL of single-stranded RNA. Following two equations were applied to 
calculate the concentration of nucleic acids: 
DNA conc. (µg * µl-1) = (A260nm * 50µg * dilution factor) * (µl * 1000)-1  
RNA conc. (µg * µl-1) = (A260nm * 40µg * dilution factor) * (µl * 1000)-1  
The ratio of the absorbance at 260 and 280 nm (A260/280) is used to assess the purity of isolated 
nucleic acids. For pure DNA, A260/280 is ~1.8 whereas pure RNA A260/280 is ~2. For determination 
of nucleic acid purity samples were not diluted in H2O but in 1x TE buffer (10 mM Tris pH 8.0, 
1 mM EDTA).  
 Crossing and genotyping of mutants 
Arabidopsis plants were grown in short days for three weeks as described above and transferred 
to a 16 h light period. Plants were crossed after emergence of inflorescences. Progeny was geno-
typed for the presence of T-DNA or mutant alleles by PCR (T-DNA insertion lines) or CAPS (cleaved 
amplified polymorphic sequence) analysis (ethyl methanesulfonate (EMS) mutants). For cross-
ings with brt1 and fah1, selection of double homozygous plants was based on lack of UV light-
induced epidermal fluorescence followed by CAPS or dCAPS analysis. Homozygous mutants in the 
F2 and F3 generation were used in experiments. T-DNA insertion in SAG101 (SALK_022911) was 
verified using 5'-TGCATAAGGGACGTTTTAACG, 5’-ATGTTGAACTCTTCGCCTTTG, and 5’-
ATTTTGCCGATTTCGGAAC (LBb1.3) primers as described (http://signal.salk.edu/tdnapri-
mers.2.html). Presence of pen2-1, pad4-1, fah1-2, and brt1-1 mutant alleles was confirmed by CAPS 
or dCAPS (derived CAPS) analysis using the following combinations of gene-specific primers and 
restriction enzymes: pen2-1: 5’-TTTGGAACTGCTTCATCTTCTTATCAGG, 5’-
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CCTGTACAAGAAATCAATCACA-GATCTTCA, BspPI; pad4-1: 5’-GCGATGCATCAGAAGAG, 5’-
TTAGCCCAAAAGCAAGTATC, FaqI; fah1-2: 5’-TGGTGTGTACATATATGGATGAAGAA, 5’-
TAGCAAGAGTGGTGAATATGTGAAGT, MseI; brt1-1: 5’-CTACCTCCTCATGTGATGCTCGGAT, 5’-
CTGCTAGCTTCGTCGTCTTCA, Sau3AI. DNA was extracted from wild-type and mutant leaves as 
described before (section 4.5) and target sequences amplified using standard PCR (4.8.1). Re-
striction digests of PCR products for CAPS or dCAPS analysis were performed according to manu-
facturer’s guidelines. 
 DNA constructs and cloning 
Gateway© cloning technology, based on lambda phage derived site-specific recombination 
(Landy, 1989; Hartley et al., 2000) was used for directional cloning of DNA sequences into donor 
vector pDONR207 and destination vectors pJawohl8 (Genbank accession number AF408413) or 
pAM-PAT (both provided by Bekir Ülker , MPIPZ Cologne, Germany). Vector maps of all constructs 
used in this study are listed in section 9.3. pJawohl8 can be employed for target gene silencing via 
in planta production of double-stranded hairpin RNAs, whereas pAM-PAT enables strong expres-
sion of target genes under control of a viral 35S promoter. Latter destination vectors were used 
for stable transformation of Arabidopsis. For stable expression of Arabidopsis genes in Glycine 
max full length sequences were cloned into vector VC-LTM348-1qcz (section 9.3) at BASF Plant 
Science in Limburgerhof. 
Genes to be targeted via dsRNAi were analyzed for homology to other genes of the Arabidopsis 
genome prior to cloning via BLAST search (NCBI). Identified sequences of 100-600 bp or full 
length sequences showing no or low homology to other genes were furthermore analyzed for their 
silencing specificity using an in silico siRNA scan online tool 
(http://bioinfo2.noble.org/RNAiScan.htm) and subsequently amplified from genomic DNA using 
proofreading PCR and sequence specific primers carrying the following extensions needed for di-
rectional cloning into pDONR207 (forward: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTA; re-
verse: GGGGACCACTTTGTACAAGAAAGCTGGGTA). Alternatively, Gateway technology®-compati-
ble entry clones (CATMA; section 9.4) containing desired DNA sequences or artificial micro RNA 
(amiRNA) expression clones (CSHL; section 9.4) were obtained from the Arabidopsis Biological 
Resource Center (ABRC). Full length sequences of Arabidopsis genes used for production of over-
expression constructs were either amplified from cDNA or genomic DNA via proofreading PCR or 
synthesized (Geneart, Life technologies). Alternatively, full length Gateway® entry clones were 
ordered from ABRC. The BRT1:BRT1-GFP construct was kindly provided by Clint Chapple (Purdue 
University, USA). 
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4.11.1 Generation of entry clones (BP reaction) 
250 ng of a Gateway®-compatible PCR product, 250 ng of pDONR207 donor vector and 1 μL Gate-
way® BP Clonase® II enzyme mix (Invitrogen) were filled up with TE-buffer to 10 µl. Following 
incubation overnight at RT 1 μL of proteinase K was added and the mixture incubated at 37 °C for 
10 min to eliminate proteins that might decrease transformation efficiency. 5 μL of the recombi-
nation products were transformed into competent E. coli (DH5α). 
4.11.2 Generation of expression clones (LR reaction) 
150 ng of a Gateway®-compatible entry vector was mixed with 150 ng destination vector (pAM-
PAT or pJawohl8), filled up to 9 μl with 1x TE buffer and incubated with 1 μl Gateway® LR 
Clonase® II enzyme mix (Invitrogen)at RT overnight. Proteins were digested with 1 μl of protein-
ase K at 37 °C for 10 min prior to transformation of competent E. coli (DH5α) with 5 µl of the 
recombination products. Plasmids isolated from E. coli expression clones were verified by re-
striction digest and/or sequencing. 
4.11.3 Preparation of chemically competent E. coli 
2 ml lysogeny broth (LB, 1 % tryptone, 0.5 % yeast extract, 1 % NaCl) was inoculated with E. coli 
DH5α and incubated at 37 °C and 225 rpm on a shaker. Following overnight incubation 250 ml 
Erlenmeyer flasks filled with 50 ml of LB were inoculated with 500 µl of the starter culture and 
grown until an OD600 of 0.3-0.5 was reached. Bacteria were transferred into 50 ml reaction tubes, 
chilled on ice for 15 min and centrifuged for 10 min at 2000 g and 4 °C. The pellet was resuspended 
in 0.4 volumes of TFBI buffer (30mM potassium acetate (KAc), 50 mM MnCl2, 100 mM RbCl, 10 
mM CaCl2, 15 % (v/v) glycerol, in H2O, pH 5.8 with HCl). Following incubation on ice for 10 min 
the centrifugation step was repeated and the pellet resuspended in 1 mL of TFBII buffer (10 mM 
3-morpholinopropane-1-sulfonic acid (MOPS), 10 mM RbCl, 75 mM CaCl2, 15 % (v/v) glycerol, in 
H2O, pH 7.0 with HCl). 50 µl aliquots of competent cells were frozen in N2 and stored at -80 °C until 
use. 
4.11.4 Transformation of chemically competent E. coli 
25 µl of chemically competent E. coli were thawn on ice and incubated with 5 μL recombination 
producs from BP or LR reactions or purified plasmid on ice for 10 min. After a heat shock for 90 s 
at 42 °C samples were chilled on ice for another 10 min. 1 mL LB medium without antibiotics was 
added and bacteria were incubated at 37 °C for 30 min. Following centrifugation for 1 min at 5000 
rpm 900 μL supernatant was discarded and cells were resuspended in the residual medium. 
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100 μL of bacterial cells were plated on LB-agar plates containing appropriate antibiotics and in-
cubated overnight at 37 °C. Emerging colonies were tested by colony PCR to verify the uptake of 
a vector.  
4.11.5 Plasmid preparation 
Plasmids were extracted and purified from transformed E. coli DH5α grown in 2ml LB overnight 
cultures with appropriate antibiotic concentration using the either Zyppy™ Plasmid Miniprep Kits 
(Zymo Research) or QIAprep® Spin Miniprep Kits (Qiagen) according to the manufactures’ guide-
lines. 
4.11.6 Restriction digest of plasmids 
Prior to sequencing, correct integration of DNA sequences into target vectors was confirmed by 
digesting plasmids with suitable restriction endonucleases (pDONR207, pJawohl8, pAM-PAT: all 
ApaLI (Alw44I); pAMIR: NotI) according to protocols provided by the manufacturer.  
4.11.7 Sequencing 
0.6-0.7 µg of purified plasmid were mixed with 2 µl of 10 µM primer and filled up to 7 µl with 
ddH2O. Extended hot shot sequencing was performed at Seqlab (Sequence Laboratories Göttin-
gen). Sequences were analyzed with Chromas Lite Version 2.01 (TECHNELYSIUM), blasted against 
the Arabidopsis genome (NCBI) and aligned with sequences obtained from TAIR using Clone Man-
ager Professional Suite version 8.0 or ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2). 
Only vector inserts showing 100% sequence identity to reference sequences obtained from TAIR 
were used in following procedures.   
4.11.8 Preparation of electrocompetent A. tumefaciens 
Agrobacterium strains GV3101 or AGL01 were grown overnight in 2 ml yeast extract broth (YEB, 
0.5 % beef extract, 0.1 % yeast extract, 0.5 % tryptone, 0.5 % peptone, 0.5 % sucrose) containing 
appropriate antibiotic concentrations. The culture was subsequently diluted 1:100 with fresh YEB 
and grown until an OD600 of 1-1.5 was reached. Cultures were transferred into 50 ml reaction 
tubes and chilled on ice for 10 min. Following centrifugation for 5 min at 2000 g and 4 °C pelleted 
cells were resuspended in 1/5 prechilled, sterile ddH2O. Centrifugation was repeated as described 
above and bacteria were resuspended in 500 µl of sterile 10 % (v/v) glycerol. 50 µl aliquots were 
frozen in N2 and stored at -80 °C.  
4.11.9 Transformation of electrocompetent A. tumefaciens 
50 µl of electrocompetent A. tumefaciens GV3101 or AGL01 and 1 µg of vector were transferred 
into an electroporation cuvette. Cuvettes were kept on ice until electroporation at 2.2 kV for 5 ms 
4 Material and methods 28 
in a micropulser (BIO-RAD). 1 ml of YEB medium was instantly added after electroporation and 
the solution was transferred into new reaction tubes. Following incubation for two hours at 28 °C, 
5 µl of the bacterial cells were mixed with 100 µl sterile water and plated on YEB-agar plates con-
taining appropriate antibiotic combinations. After incubation for approximately two days, emerg-
ing colonies were transferred to new YEB plates and incubated for another 1 to 2 days at 28 °C. 
Clones were subsequently analyzed by colony PCR to validate plasmid uptake. Positively tested 
colonies were grown in 2 ml YEB overnight cultures containing appropriate antibiotics, trans-
ferred to 2 ml reaction tubes and stored at -80 °C. Note, that different from other vectors used in 
this study, pAMIR vectors were always cotransformed with the helper plasmid pSOUP. 
 Stable transformation of Arabidopsis 
Arabidopsis was stably transformed according to a modified version of protocols published by 
Clough and Bent (1998) and Bechtold and Pelletier (1998). Arabidopsis plants were grown as de-
scribed above (4.1.1) for approximately four weeks and then transferred to long day growth con-
ditions (16 h, 22 °C, 75 % humidity and 85 μmol/(m*s)) to induce flowering. Inflorescences were 
cut shorty after emergence to induce development of secondary bolts. Approximately two weeks 
later plants were transformed via floral dipping. Two days in advance of transformation agrobac-
teria carrying plasmids of interest were grown overnight in 2 ml YEB medium with corresponding 
antibiotics at 28 °C and 225 rpm. 500 µl of a well grown starter culture were used to inoculate 50 
ml YEB with antibiotics in 250 ml Erlenmeyer flasks. Following overnight incubation at the same 
conditions (28 °C and 225 rpm) bacteria were pelleted at 5000 rpm for 10 min. Cells were resus-
pended in a freshly prepared 5 % (w/v) sucrose solution and adjusted to an OD600 of 0.8-1.2. Sil-
wet-L77 (Lehle Seeds) was added to a final concentration of 0.05 % (v/v). Per construct inflores-
cences of 12 plants were dipped for about 15-30 s in the bacterial solution and allowed to dry 
before being covered with a plastic hood to ensure high humidity. After 24 h at RT in the dark, 
plastic hoods were removed and plants were transferred to long day conditions until seed set. 
Transgenic plants carrying the phosphinotricin (BAR) resistance gene were selected by sowing 
seeds on soil (type VM, Einheitserde Werkverband) soaked with 0.1 % BASTA® solution (BAYER). 
Two to three weeks later surviving transformants were transplanted into fresh soil without herb-
icide. Insertion of T-DNAs was validated by PCR with a combination of vector- and transgene-
specific primers. BRT1:BRT1-GFP transformed plants were selected with hygromycin B 
(ForMedium™) according to a modified protocol of Nakazawa and Matsui (2003). Seeds were sur-
face-sterilized in 70 % (v/v) ethanol for 15 min, washed in 100 % ethanol, dried on sterile filter 
paper in a clean bench and transferred to 0.5 x Murashige and Skoog (MS, Duchefa) plates (pH 
5.7) containing 0.8 % (w/v) agar and 20 μg/mL hygromycin B. After stratification for two days at 
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4 °C plates were incubated at RT in the dark for 4 days followed by 5-10 days growth under con-
tinuous white light at room temperature. Transformants were discriminated from non-trans-
formed seedlings by their increased hypocotyl length. Positive transformants were subsequently 
transplanted into moist soil (type VM, Einheitserde Werkverband) and grown under short day 
conditions. T-DNA insertions in transformant plants were validated by PCR. 
 Histochemical staining 
4.13.1 Trypan blue staining 
For microscopical evaluation infected leaves were harvested at the indicated times and stained 
with trypan blue (modified protocol of Keogh et al. (1980)). For this, leaves were submerged in a 
nonphenolic trypan blue solution (10 % (v/v) lactic acid, 10 % (v/v) glycerol, 10 % (v/v) H2O, 70 
% (v/v) ethanol) and heated to 80 °C for 75 seconds. After cooling to room temperature for 10 min, 
leaves were incubated in 2.5 g ml-1 chloral hydrate for several days. Leaves were washed in 70 % 
ethanol, mounted in 50 % (v/v) glycerol on glass slides and examined by brightfield microscopy 
(4.14.1). If not used immediately, leaves were kept in chloral hydrate until further analysis.  
4.13.2 Aniline blue staining 
Callose was stained by incubating trypan blue-stained and subsequently chloral hydrate-des-
tained leaves in an aniline blue solution (0.01% (w/v); Riedel-de Haën) in 150 mM KH2PO4, pH 
7.5) for 12-24 h. Leaves were mounted in 50 % (v/v) glycerol on glass slides and directly analyzed 
by brightfield and fluorescence microscopy (4.14.1. and 4.14.2). 
4.13.3 DAB staining 
H2O2 was visualized by applying a modified protocol of Thordal-Christensen et al. (1997). Infected 
leaves were incubated in diaminobenzidine (DAB) solution (SIGMA, 1.68 mg ml–1, pH 3.8) for 8 h 
under a fume hood. During the incubation period, only the leaf petiole was in contact with the DAB 
solution. Therefore, the uptake of stain was driven by transpiration flow. Subsequently, leaves 
were fixed and cleared in saturated chloral hydrate (2.5 g ml–1), mounted in 50 % (v/v) glycerol, 
and examined by brightfield microscopy (4.14.1). Vacuum infiltration of DAB and 10 mM H2O2 
was done as a control and confirmed equal distribution of peroxidases within leaves. Specificity 
of the staining was further confirmed by an enrichment of the DAB solution with 50 mM ascorbic 
acid, which entirely inhibited accumulation of brown DAB precipitate in the presence of 10 mM 
H2O2 (data not shown). 
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 Microscopical analysis 
4.14.1 Brightfield microscopy 
Following histochemical staining (4.13) leaves were inspected by brightfield microscopy using a 
Leica DMRBE microscope (Leica, Bensheim, Germany). Images were taken with a digital JVC KYF 
750 camera. 
4.14.2 Fluorescence microscopy 
Callose-containing appositions were observed in a Leica TCS SP fluorescence microscope with an 
epifluorescent filter (A-513804, 340–380 nm excitation, and 425 nm emission, Leica). Photos 
were taken with a digital JVC KYF 750 camera. 
4.14.3 Confocal laser scanning microscopy (CLSM) 
To analyze the subcellular localization of BRT1-GFP fusion proteins in vivo, sections of infected or 
uninfected Arabidopsis leaves were mounted on glass slides in water or 50 % glycerol. To promote 
plasmolysis and detachment of the plasma membrane from the cell wall, leaf sections were 
mounted in 0.6 M mannitol on glass slides and analyzed by confocal laser scanning microscopy 
(CLSM) within the following minutes using a Leica TCS SP Spectral Confocal Microscope. GFP-
fluorescence and autofluorescence were captured by exciting with the 488 nm excitation line of 
an argon-krypton laser. Emission was monitored at 508-526 nm (GFP), 598-649 (autofluores-
cence) and 650-700 nm (chlorophyll autofluorescence), respectively. x20 Leica HCX PL FLUOTAR 
(numerical aperture of 0.50) or Leica x63 PL APO (numerical aperture 1.20; water immersion) 
objectives were chosen for micrograph production. A series of optical sections (z-stack) was ac-
quired by scanning multiple sections. Images were processed and analyzed with Leica confocal 
software LCS lite and exported as TIF- or pdf-files. To display data of various sections in one image 
all confocal images are presented as 2D projections of 3D image stacks along the orthogonal axis.  
 Extraction of sinapoylmalate from Arabidopsis leaves 
100 mg ground leaf material from 3-week-old plants was extracted in 750 µl 50 % (v/v) methanol 
at 65 °C for 1.5 h. After centrifugation at 13000 rpm for 10 min supernatants were transferred to 
new reaction tubes and stored at -20 °C until use.  
 Thin Layer Chromatography (TLC) 
Methanolic extracts (4.15) were concentrated in a speed vac and dried pellets subsequently re-
suspended in 50-100 µl 100 % methanol. 25 µl of the extract were then applied to TLC silica gel 60 
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F254 plates (Merck) and chromatographed for two 2 h in a 5:2:3 (v/v) mixture of n-butanol, glacial 
acetic acid and H2O. Sinapoylmalate was visualized under UV light at 366 nm excitation. Only a 
single fluorescent band can be detected in wild-type leaf extracts following chromatography. Since 
this band is absent in sinapoylmalate deficient fah1-2 mutants (Chapple et al., 1992) the fluores-
cent compound corresponds to sinapoylmalate. 
 High Pressure Liquid Chromatography (HPLC)  
Methanolic extracts (4.15) were filtered (Minisart RC 4 syringe filter, Sartorius Stedim Biotech 
GmbH) and analyzed by reverse-phase HPLC on a Nucleosil C18 column (EC 150/4,6 Nucleosil 
100-5 C18; Macherey-Nagel) using a gradient from 2 % acetonitrile in 1.5 % acetic acid to 40 % 
acetonitrile in 1.5 % acetic acid at a flow rate of 1 ml min-1. Only a single fluorescence peak at a 
retention time of 24.5 min was detectable at 335 nm excitation and 460 nm emission (FP 920 
Intelligent Fluorescence Detector; Jasco). Since the area of the latter peak was significantly and 
reproducibly reduced in ref3-3, brt1-1 and pen2BRT1dsRNAi lines compared to extracts of wild-
type or pen2 controls and completely absent in fah1-2 mutants, the compound was identified as 
sinapoylmalate. Due to the lack of sinapoylmalate standard compounds, sinapoylmalate content 
could not be quantified absolutely but is instead presented as peak area relative to the pen2 con-
trol. 
 Acquisition, normalization and analysis of microarray data 
RNA was extracted from leaves of infected and mock-treated wild-type plants as well as pen2 and 
pen2 pad4 sag101 mutants as described above (4.6). RNA quality control and hybridization with 
Affymetrix ATH1 gene chips was performed at the IFG (Integrierte funktionelle Genomik) in Mün-
ster. Raw expression data from microarray experiments was provided as Affymetrix cel files.  
Quality control of expression data, principal component analysis and hierarchical clustering were 
conducted with the Multiple Experiment Viewer (MeV) volume 4.4.1 
(http://www.tm4.org/mev/) or RobiNA (http://mapman.gabipd.org/web/guest/robin). 
For normalization of expression data, all array cel files were compressed to zip files and uploaded 
to the web-based pipeline for microarray gene expression profile analysis, GEPAS 
(http://www.gepas.org). Raw data were subsequently normalized using following settings in par-
allel:  
1.) rma; constant, pmonly, medianpolish  
2.) rma; quantiles, pmonly, medianpolish  
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3.) rma; invariant set, pmonly, medianpolish  
First, background correction was performed using robust multi-array average (RMA) expression 
measure, according to Irizarry et al. (2003). This step was performed to adjust for nonspecific 
hybridization effects. Second, between array standardization was performed to remove system-
atic errors and biases, allowing data to be compared from one array to another. This was done by 
using three different methods: a) quantiles: standardization based upon quantiles (Bolstad et al., 
2002), b) constant: scales intensity measurements so all arrays have the same mean value. Inten-
sities of each array are scaled by the same factor. c) invariant set: A set of invariant intensities is 
found through an iterative process. This set of intensities is used to generate a normalization 
curve by smoothing. All arrays are transformed according to such curve (Li and Wong, 2001). Fur-
thermore, only perfect match (PM) values were used. Mismatch (MM) values were not taken into 
account since it was shown by Irizarry et al. (2003) that gene expression is better measured using 
log-transformed PM values only. Finally, data were summarized to combine the multiple probe 
intensities from a probe set to yield a single value for each gene that best represents the expres-
sion level of the RNA transcript. This was done using a medianpolish probe-set summary method 
according to Tukey's median polish procedure to compute probe-set summaries (Tukey, 1977).  
Gene expression data were subsequently monitored with the Microsoft Excel© macro FiRe 
(Garcion et al., 2006; Beckers and Conrath, 2006). Using this tool, gene expression data were an-
alyzed for genes that were induced at least 2-fold in P. pachyrhizi-infected pen2 mutants but not 
or to a weaker extent in the wild type or the pen2 pad4 sag101 triple mutant upon challenge with 
P. pachyrhizi and which were at the same time similarly expressed among all mock-treated geno-
types. Genes, displaying transcriptional regulation that fitted these selection criteria in both bio-
logical replicates and all normalization procedures were finally designated as candidate genes. 
Statistical significance of gene expression differences among genotypes and treatments could not 
be calculated due to the lack of a third biological replicate. To compensate for this, pathogen-in-
duced regulation of selected candidate genes was verified in three independent experiments by 
RT-qPCR (Figure 10, Figure 12) . 
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5 Results 
 Postinvasion NHR to P. pachyrhizi is reduced in pen2 pad4 sag101   
In a previous study we showed that P. pachyrhizi overcomes Arabidopsis preinvasion NHR and 
colonizes the mesophyll in the pen1, pen2, and the pen3 mutant (Loehrer et al., 2008). However, 
postinvasion defense is still intact in these mutants, since development of haustoria was only 
rarely observed in pen single mutants (Loehrer et al., 2008). As the Arabidopsis pen2 pad4 sag101 
triple mutant allows reproduction of the non-adapted fungal pathogens Bgh and E. pisi (Lipka et 
al., 2005), we speculated that postinvasion NHR to P. pachyrhizi could also be affected in pen2 
pad4 sag101. To investigate whether this is the case, we first did a quantitative microscopical as-
sessment of the interaction of P. pachyrhizi with Arabidopsis wild-type (accession Col-0), pen2, 
and pen2 pad4 sag101 plants (Figure 1). The gl1 mutation in the employed pen2 line suppresses 
initiation of trichome development in leaves (Larkin et al., 1993) but does not affect the interac-
tion of Arabidopsis with P. pachyrhizi (Loehrer et al., 2008). Penetration attempts of P. pachyrhizi 
are only rarely stopped by the formation of effective papillae (<10% of interaction sites), and fre-
quencies in papilla formation do not significantly differ among the mutants employed (data not 
shown). Thus, this interaction category was not considered for statistical evaluation of Arabidop-
sis NHR to P. pachyrhizi. In wild-type plants fungal invasion is mostly arrested in the epidermal 
cell (Figure 1, category I). Upon penetration most epidermal cells undergo cell death which is ap-
parent by increasing granularity of the cytoplasm, positive trypan blue staining (Figure 1, category 
I), autofluorescence of the attacked cell (Figure S1) and the fact, that it cannot be plasmolyzed. 
Whether this cell death response is actively mounted by the plant or induced by the fungus is 
currently unclear. Unlike in the wild type, in which P. pachyrhizi hardly entered the mesophyll, the 
pen2 mutant frequently allowed P. pachyrhizi invasion of the mesophyll cell layer (Figure 1, cate-
gory II). However, development of haustoria was seen only at 5-10 % of interaction sites (Figure 
1). This finding is consistent with our previous results and confirms the presence of an effective 
postinvasion NHR mechanism in the pen2 mutant (Loehrer et al., 2008). In contrast to pen2, the 
pen2 pad4 sag101 triple mutant not only allowed P. pachyrhizi to colonize the mesophyll (Figure 
1). Rather, the portion of interaction sites showing haustoria (Figure 1, category III) was about 
five times greater in pen2 pad4 sag101 as it was in pen2 and pertained to 30-50 % of all interaction 
sites (Figure 1). When haustoria developed, these were strongly encased by sirofluor-positive ma-
terial, which most likely represents callose (Figure 1, category III; Figure S1). Yet, even in the pen2 
pad4 sag101 triple mutant fungal growth ceases after development of the first haustorium, indi-
cating that these haustoria are non-functional. Only in very rare cases, two haustoria per site were 
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observed residing in the same mesophyll cell (data not shown). Further colonization or even spor-
ulation of the non-adapted fungus on Arabidopsis did never occur. 
 
 
Figure 1. Pen2 and pen2 pad4 sag101 mutants are impaired either in pre- or in pre- and postinvasion NHR to P. 
pachyrhizi. Two days after inoculation with P. pachyrhizi infected leaves were harvested and stained with trypan blue. 
A) Fungal development was analyzed microscopically and assigned to one of three categories (I-III). Per genotype at 
least 900 interaction sites from nine leaves of nine plants and three independent inoculation events were analyzed. 
Average values are shown. Error bars indicate SD (n = 900). Significant differences in haustoria abundance (p<0.001) 
between pen2 and pen2 pad4 sag101 according to student’s t-test are marked by an asterisc. B) Schematic overview. 
Black, fungal structures; grey, dying epidermal cell. ap, appressorium; gt, germ tube; ha, haustorium; hy, hypha; sp, 
spore. C) representative photos of interaction categories I-III. Category I: fungal development is stopped at the epider-
mis; no hyphae were seen in the mesophyll; Category II: fungal hyphae colonize the mesophyll, haustoria do not de-
velop; Category III: fungal hyphae colonize the mesophyll associated with formation of a haustorium in a mesophyll cell. 
ap, appressorium; appo, cell wall apposition, epi cd, epidermal cell death; hmc, haustorial mother cell; hn, haustorial 
neck; hy, hypha; meso, mesophyll cell; ha, haustorial body; sp, spore. 
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In summary, postinvasion NHR was clearly reduced, though not fully broken, in the pen2 pad4 
sag101 triple mutant, which allowed the formation of significantly more haustoria after infection 
with P. pachyrhizi than the pen2 single mutant. 
 Identification of Arabidopsis genes with a function in postinvasion NHR 
to P. pachyrhizi using global gene expression analysis 
5.2.1 Experimental setup  
An overview of the experimental setup for identifying postinvasion NHR genes and subsequent 
procedures to verify their hypothesized function is shown in Figure 2. Two days after mock inoc-
ulation or after inoculation with P. pachyrhizi leaf material was collected from Arabidopsis wild 
type, pen2, and pen2 pad4 sag101 plants and used for RNA extraction or trypan blue staining, re-
spectively. As verified by microscopic analysis of trypan blue stained leaves, the fungus had al-
ready established hyphae and/or haustoria in the mesophyll at the time of harvest, indicating nor-
mal proliferation of the fungus. (Figure 1). Per genotype and treatment leaf material of four se-
verely infected plants was pooled prior to RNA extraction to minimize transcriptional variation 
among samples. To ensure high quality and purity of RNA, mRNA was enriched via affinity purifi-
cation and subsequently analyzed for degradation by gel electrophoresis. The quality of extracted 
RNA was additionally checked at the IFG (Integrierte funktionelle Genomik) in Münster prior to 
microarray analysis. 
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Figure 2. Experimental approach to identify Arabidopsis genes with a function in the resistance to P. pachyrhizi. 
Global gene expression was analyzed in mock-treated plants and plants inoculated with P. pachyrhizi. Genes that 
showed a specific transcriptional activation only in the Arabidopsis pen2 mutant, but not in the wildtype or the pen2 
pad4 sag101 triple mutant  two days after infection with the fungus were considered as candidate genes with putative 
function in postinvasion NHR,  following in silico analysis and reproduction of microarray expression data by RTqPCR, 
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candidate genes were analyzed in vivo for their function in (i) Arabidopsis postinvasion NHR and (ii) for their potential 
to enhance soybean immunity to P. pachyrhizi. Candidate genes with experimentally verified role in resistance to P. 
pachyrhizi are currently analyzed for their molecular function in plant immunity. 
   
5.2.2 Quality of expression data 
Raw expression data were obtained from the IFG. Images of gene chips did not indicate any phys-
ical damage, and signal intensities were equal among the chip area. Furthermore, array summary 
files which may identify areas of poor hybridization signal, high background, or localized artifacts 
verified high quality of hybridization signals on all gene chips (data not shown). Expression data 
normalization was done as described in the material and methods section. Figure 3A shows that 
normalized gene expression values were similar among all arrays with only small deviation 
among different samples.  
5.2.3 Global gene expression responses upon P. pachyrhizi infection 
To estimate differences in global gene expression among accessions, different treatments, or ex-
periments principal component analysis (PCA) was performed to summarize the ways in which 
gene responses vary under different experimental conditions. Figure 3B shows that infection with 
P. pachyrhizi caused a clear shift in gene expression in all genotypes. This gene expression shift 
was most prominent in the infected pen2 mutant that clearly clustered in distance to all uninfected 
genotypes but also to infected wild-type or pen2 pad4 sag101 plants indicating that this mutant 
showed the strongest transcriptional response upon inoculation with the fungus. In contrast, all 
three genotypes clustered similarly upon mock treatment indicating similar basal gene expression 
among uninfected genotypes. Yet, differences between both experiments are also visible, account-
ing for biological variability between different experiments. Nevertheless, the clear separation be-
tween mock-treated and P. pachyrhizi-inoculated samples suggests that global gene expression 
changes in all accessions and both experiments upon inoculation with P. pachyrhizi.  
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Figure 3. Variation of gene expression among different genotypes and treatments. A) Boxplot of normalized ex-
pression values. Gene expression intensity is similar among different gene chips and biological replicates with a median 
gene expression intensity of 6. B) Principal component analysis (PCA) of microarray expression data. PCA was applied 
for determination of key variables in the obtained multidimensional expression data set. Application of PCA to expres-
sion data allows to summarize the ways in which gene responses vary under different experimental conditions. A two 
dimensional PCA plot (x and y- dimension) is shown here to highlight gene expression differences among treatments, 
genotypes, and experiments. Note that inoculation of different Arabidopsis genotypes with P. pachyrhizi (Col-0 ASR, 
pen2 ASR, triple mutant (pen2 pad4 sag101) ASR, red circles) causes a shift in gene expressions in all genotypes and 
experiments compared to mock-treated samples (Col-0 mock, pen2 mock, triple (pen2 pad4 sag101) mock, dark circles). 
Furthermore, clear differences in gene expression between both experiments (R1 and R2) and among different geno-
types are apparent. 
5.2.4 Differential gene regulation in wild type, pen2, and pen2 pad4 sag101 upon inocu-
lation with P. pachyrhizi 
To investigate pathogen-induced regulation of individual genes, normalized expression data were 
analyzed with the Excel macro FiRe software that allows visual discrimination of up- or downreg-
ulated genes according to a manually set threshold (Garcion et al., 2006; Beckers and Conrath, 
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2006). Numbers of genes with a minimum 2-fold difference in expression between mock-treated 
and infected samples of wild type, pen2 and pen2 pad4 sag101 are shown in Figure 4. In all geno-
types upregulation of gene activity in response to infection was much more prominent than was 
the repression of gene expression. Furthermore, consistent with results from previously de-
scribed principal component analysis (Figure 3B), strikingly more genes (~2-fold) were regulated 
in infected pen2 than in the wild type or triple mutant, indicating that gene expression changes 
upon infection with P. pachyrhizi were most significant in pen2.  
 
Figure 4. Number of differentially expressed genes in Arabidopsis wild type, pen2 and pen2 pad4 sag101 at two 
days after infection with P. pachyrhizi. Microarray gene expression data were analyzed for genes that were >2-fold 
induced (relative to mock treatment, black columns) or <0.5-fold repressed (grey columns) in both experiments at two 
days after inoculation with P. pachyrhizi. Normalized expression data were analyzed with the FiRe program. wt, wild 
type. 
5.2.5 Selection of genes with a possible function in Arabidopsis postinvasion NHR to 
P. pachyrhizi 
To specifically detect genes with a putative function in Arabidopsis postinvasion NHR to P. pach-
yrhizi, gene expression data were surveyed for genes which expression correlated with Arabidop-
sis postinvasion defense in the pen2 mutant. A schematic overview of the selection criteria applied 
to specifically identifiy postinvasion NHR-genes is shown in Figure 5. Since postinvasion re-
sponses were attenuated in the pen2 pad4 sag101 triple mutant (Figure 1) it was assumed that 
0
100
200
300
400
500
600
N
u
m
b
e
r 
o
f 
d
if
fe
re
n
ti
a
ll
y
  
re
g
u
la
te
d
 g
e
n
e
s
wt pen2
pen2
pad4
sag101
5 Results 40 
activation of genes antagonizing haustoria development requires functional PAD4/SAG101 sig-
naling complexes. Thus, it was anticipated that genes with a role in Arabidopsis postinvasion NHR 
are activated in the inoculated pen2 mutant but not in infected pen2 pad4 sag101 plants. Further-
more, postinvasion responses that inhibit the establishment of a biotrophic interaction between 
P. pachyrhizi and Arabidopsis would only be triggered once the pathogen has invaded the meso-
phyll and is recognized as a biotroph. Thus, I searched for genes, whose expression would not be 
activated in the wild type in which P. pachyrhizi does not colonize the mesophyll and also does not 
induce expression of the SA-signaling marker gene PR-1 (Figure 1; (Loehrer et al., 2008)). Genes 
with altered expression in response to mock inoculation in any genotype tested were also disre-
garded. This was to exclude genes with differential expression due to mutant background and/or 
mock treatment. Genes that showed consistent activation only in the P. pachyrhizi-infected pen2 
mutant in both experiments and all normalization procedures applied, were considered as puta-
tive components of Arabidopsis postinvasion NHR to P. pachyrhizi.  
                         
Figure 5. Selection criteria for the identification of candidate genes. Normalized expression data were analyzed 
with FiRe to identify candidate genes with a putative involvement in postinvasion NHR of Arabidopsis to P. pachyrhizi. 
Only genes that behaved similarly between both biological replicates (independent experiments) and which were in-
duced at least 2-fold in all three applied normalization procedures in the P. pachyrhizi-infected pen2 mutant but not in 
infected wild type or pen2 pad4 sag101 and which also showed equal expression among all mock-treated genotypes 
were assigned as candidate genes with a possible function in postinvasion NHR. 
 
Using this setup 24 genes with a putative function in postinvasion NHR were identified. These 
genes were upregulated at least 2-fold in infected pen2 but were not or less strongly induced in 
the wild type or the pen2 pad4 sag101 triple mutant. Induction profiles of all candidate genes (CL1-
CL24) in all genotypes relative to mock treatment are summarized in Figure 6. Since no or weaker 
candidate gene induction was observed in the wild type, it is likely that the selected genes are 
components of the second layer of NHR. Lacking or significantly weaker candidate gene induction 
in the triple mutant furthermore indicates that transcriptional regulation of candidate genes de-
pends on functional PAD4 and/or SAG101. Hence, candidate gene activation most probably also 
wild type
pen2
pen2 pad4 sag101
wild type
pen2 pad4 sag101
pen2
mock P. pachyrhizi
Candidate genes
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relies on functional SA-signaling since both PAD4 and SAG101 interact with EDS1 (Feys et al., 
2001, 2005) , forming a signaling complex, known to be required for SA accumulation. 
 
Figure 6. Transcriptional regulation of candidate genes (CL1-CL24) in Arabidosis wild type, pen2 and pen2 pad4 
sag101 at two days after inoculation with P. pachyrhizi. Fold change of mean expression values of two independent 
inoculations and three normalization procedures are shown relative to mock treatment. Note that CL1-CL24 are acti-
vated in P. pachyrhizi-infected pen2 (black bar) but not, or to a weaker extent, in the infected wild type (light grey bar) 
or pen2 pad4 sag101 (dark grey bar), indicating that candidate gene induction is only triggered in mutants with com-
promised postinvasion resistance and depends on functional PAD4/SAG101. Statistical significance was not calculated 
since data were derived from two independent experiments only.   
 
5.2.6 In silico analysis of candidate genes 
Candidate genes were analyzed in silico to identify common elements or features.  
5.2.6.1 Description of candidate genes and GO annotation 
A complete list of all candidate genes (CL1-CL24), their corresponding array identifiers, accession 
numbers, names, and descriptions is shown in Table 1. Gene ontology (GO) annotations of all can-
didate genes, comprising their localization, molecular function, and involvement in various bio-
logical processes are listed in Table 2. None of the candidate genes has been implicated in re-
sistance so far. Nevertheless, some genes are members of gene families that are tightly linked to 
disease resistance, e.g. CL1 (avirulence induced gene) and CL21 (disease resistance LRR family 
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protein) or have a molecular function that can be associated with defense (e.g. receptor-like ki-
nase, germin like protein, ABC transporter, heat shock protein, glycosyltransferase, cinnamate-4-
hydroxylase, ankyrin repeat-containing protein) (Table 1).  
Table 1. Candidate gene list. List of candidate NHR genes CL1-CL24 identified by microarray analysis. Corresponding 
array identifiers, accession numbers, gene  names and descriptions of candidate genes are shown. Information was 
obtained from TAIR. n.a., not assigned. 
 
Gene Identifier Accession Gene name(s) Description 
CL1 260117_at At1g33950 n.a. 
avirulence-responsive family protein / 
avirulence induced gene (AIG1) family 
protein 
CL2 255342_at At4g04510 
cysteine-rich receptor-like protein ki-
nase 38 (CRK38) 
cysteine-rich receptor-like protein kinase 
CL3 251612_at At3g57950 n.a. unknown protein 
CL4 246373_at At1g51860 n.a. 
leucine-rich repeat protein kinase, puta-
tive 
CL5 250062_at At5g17760 n.a. 
AAA-type ATPase family protein (P-loop 
containing nucleoside triphosphate hydro-
lases superfamily protein) 
CL6 250415_at At5g11210 glutamate receptor 2.5 (GLR2.5) 
glutamate receptor family protein 
(GLR2.5) (member of Putative ligand-
gated ion channel subunit family) 
CL7 249476_at At5g38910 n.a. germin-like protein, putative 
CL8 257184_at At3g13090 
ATP-binding cassete C6 (ABCC6), multi-
drug resistance-associated protein 8 
(MRP8) 
ABC transporter, putative 
CL9 250994_at At5g02490  heat shock protein 70 (Hsp70-2) 
heat shock cognate 70 kDa protein 2 
(HSC70-2) (HSP70-2) 
CL10 256833_at At3g22910 n.a. 
ACA13: calcium-transporting ATPase, 
plasma membrane-type, putative/Ca(2+)-
ATPase, putative (ACA13) 
CL11 258942_at At3g09960 n.a. 
calcineurin-like phosphoesterase family 
protein 
CL12 248823_s_at At5g46960 n.a. 
invertase/pectin methylesterase inhibitor 
family protein 
CL13 265025_at At1g24575 n.a. expressed protein 
CL14 259058_at At3g03470 
cytochrome P450, family 87, subfamily 
A, Polypeptide 9 (CYP89A9) 
cytochrome P450, putative 
CL15 252568_at At3g45410 n.a. lectin protein kinase family protein 
CL16 258167_at At3g21560 
UDP-Glycosyltransferase 84A2 
(UGT84A2), bright trichomes 1 (BRT1) 
UDP-glucosyltransferase, putative 
CL17 259737_at At1g64400 
long-chain acyl CoA synthetase 3 
(LACS3) 
Long-chain-fatty-acid--CoA ligase, putative 
/ long-chain acyl-CoA synthetase, putative 
CL18 248163_at At5g54510 dwarf in light 1 (DFL1), GH3.6 
DFL-1: auxin-responsive GH3 protein, pu-
tative (DFL-1) 
CL19 265572_at At2g28210 alpha carbonic anhydrase 2 (ACA2) carbonic anhydrase family protein 
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CL20 267470_at At2g30490 
cinnamate-4-hydroxylase (C4H),  
CYP73A5, Reduced epidermal fluores-
cence 3 (REF3) 
CA4H: trans-cinnamate 4-monooxygenase 
/ cinnamic acid 4-hydroxylase (C4H) 
(CA4H) / cytochrome P450 73 (CYP73) 
(CYP73A5) 
CL21 254736_at At4g13820 n.a. 
disease resistance family protein / LRR 
family protein 
CL22 266536_at At2g16900 n.a. 
Arabidopsis phospholipase-like protein 
(PEARLI 4) family 
CL23 245611_at At4g14390 n.a. ankyrin repeat family protein 
CL24 250918_at At5g03610 n.a. 
GDSL-motif lipase/hydrolase family pro-
tein 
 
Table 2. GO annotation of candidate genes. Molecular function, localization (GO cellular component), and involve-
ment in biological processes (GO biological process) of candidate NHR genes CL1-CL24 according to the Gene Ontology 
(GO) consortium. Data were obtained from TAIR. 
 
Gene Accession GO  molecular function GO biological process GO cellular component 
CL1 At1g33950 GTP binding response to bacterium unknown 
CL2 At4g04510 kinase activity protein phosphorylation endomembrane system 
CL3 At3g57950 unknown unknown chloroplast 
CL4 At1g51860 kinase activity protein phosphorylation endomembrane system 
CL5 At5g17760 
nucleoside-triphosphatase activity, nucle-
otidebinding, ATP binding  
unknown plasma membrane 
CL6 At5g11210 
intracellular ligand-gated ion channel ac-
tivity 
cellular calcium ion homeosta-
sis, ion transmembrane 
transport, response to light 
stimulus 
membrane 
CL7 At5g38910 
manganese ion binding, nutrient reservoir 
activity 
unknown 
endomembrane system, apop-
last 
CL8 At3g13090 
ATPase activity, coupled to transmem-
brane movement of substances  
ATP catabolic process , trans-
membrane transport 
vacuolar membrane, plasmode-
sma 
CL9 At5g02490 protein folding 
response to cadmium ion, re-
sponse to heat, response to 
bacterium 
cytosol, cell wall, plasma mem-
brane; 
CL10 At3g22910 
calcium-transporting ATPase activity, cal-
modulin binding 
cation transport, calcium ion 
transport, metabolic process, 
ATP biosynthetic process 
membrane 
CL11 At3g09960 
hydrolase activity, protein serine/threo-
nine phosphatase activity; 
unknown unknown 
CL12 At5g46960 
enzyme inhibitor activity, pectinesterase 
inhibitor activity, pectinesterase activity; 
unknown endomembrane system; 
CL13 At1g24575 unknown unknown unknown 
CL14 At3g03470 
heme binding, iron ion binding, electron 
carrier activity, monooxygenase activity 
oxidation-reduction process endomembrane system; 
CL15 At3g45410 
kinase activity, protein serine/threonine 
kinase activity, transmembrane receptor 
protein serine/threonine kinase activity 
cellular response to ethylene 
stimulus, cellular response to 
salt stress, phosphorylation, 
protein autophosphorylation, 
protein phosphorylation, signal 
transduction 
plasma membrane 
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CL16 At3g21560 
glycosylation of sinapic acid or xenobiotic 
(e.g. TCP) 
metabolic process (phenylpro-
panoid metabolism) 
cytoplasm 
CL17 At1g64400 
catalytic activity, long-chain fatty acid-CoA 
ligase activity  
fatty acid biosynthetic process unknown 
CL18 At5g54510 
indole-3-acetic acid amido synthetase 
activity  
auxin homeostasis, auxin medi-
ated signaling pathway, meta-
bolic process, response to auxin 
stimulus, unidimensional cell 
growth  
chloroplast, cytoplasm 
CL19 At2g28210 
carbonate dehydratase activity, zinc ion 
binding; 
response to carbon dioxide, 
one-carbon metabolic process 
unknown 
CL20 At2g30490 
trans-cinnamate 4-monooxygenase acti-
vity  
developmental process, 
growth, lignin metabolic pro-
cess, oxidation-reduction pro-
cess, phenylpropanoid biosyn-
thetic process, phenylpro-
panoid metabolic process, pol-
len development, response to 
karrikin, response to light stim-
ulus, response to wounding  
endoplasmic reticulum, mem-
brane, plant-type cell wall, 
plasma membrane, plasmo-
desma, vacuolar membrane   
CL21 At4g13820 kinase activity 
phosphorylation, signal trans-
duction 
endomembrane system; 
CL22 At2g16900 unknown unknown plasma membrane 
CL23 At4g14390 unknown unknown unknown 
CL24 At5g03610 
hydrolase activity, acting on ester bonds, 
carboxylesterase activity 
lipid metabolic process endomembrane system; 
 
Considering GO annotations, CL candidate genes represent a heterogenous group of genes with 
various molecular functions. They localize to different compartments and are involved in many 
different biological processes (Table 1 and Figure 7). As shown in Figure 7, no particular gene 
function is overrepresented among the set of candidate genes. For several candidate proteins the 
molecular function, localization or involvement in biological processes is unknown.  
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Figure 7. Functional categorization of candidate genes according to GO annotation. Candidate genes are grouped 
into broad functional categories based on their GO annotation. A)  GO molecular function B) GO biological process C) 
GO cellular component. Data were obtained from TAIR. 
 
5.2.6.2 Transcriptional regulation of candidate genes in other microarrays 
To elucidate a potential role of CL candidate genes in plant disease resistance publicly available 
microarray data were investigated. Several microarray data sets taken from the Genevestigator 
database were analyzed for transcriptional regulation of CL candidate genes after various biotic 
stimuli, or elicitor or hormone treatments. For better visualization gene regulation profiles were 
simplified and implemented into a heat map (Figure 8). Genes with more than 2-fold induction 
are marked in red whereas more than 2-fold downregulated genes are shown in blue. Genes show-
ing weaker regulation upon treatment are not highlighted. Figure 8 shows, that with the exception 
of CL21 all candidate genes were induced upon inoculation with certain pathogens or treatment 
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with specific elicitors, whereas repression of candidate genes in response to these stimuli was 
mostly absent. The bacterial elicitor flg22 represented the most potent activator of candidate gene 
expression (up to 54 %) among all elicitors listed in Figure 8, whereas the bacterial MAMP EF-Tu 
induced expression of only four candidate genes (~17 %). 42 % of all candidate genes were in-
duced by treatment with the oomycete elicitor NPP (use of GST-NPP fusion protein) or the P. sy-
ringae pv. syringae HrpZ harpin elicitor. Of all 24 candidate genes only ~21 % were upregulated 
by the non-adapted biotrophic fungus Bgh in the wild type whereas significantly more (~38 %) 
genes were induced upon Bgh inoculation of the ataf1 mutant, with comprised penetration re-
sistance to the barley powdery mildew pathogen, indicating that these genes might represent 
components implicated in postinvasion defense of Arabidopsis to B. graminis. Interestingly, with 
the exception of CL9 an entirely different spectrum of candidate genes was induced upon infection 
with the adapted fungal biotroph Golovinomyces cichoracearum which also lead to repression of 
two candidate genes (CL18 and CL19), suggesting activation of distict pathways in interactions 
with adapted and non-adapted powdery mildews. A similar percentage of genes (38%) was also 
induced by infection with the adapted necrotrophic fungus B. cinerea. Furthermore, a greater 
number of genes was activated during infection with the adapted biotrophic oomycete Hy-
aloperonospora parasitica (strain 301) than with the non-adapted hemi-biotrophic oomycete 
P. infestans. Among all interactions listed, most candidate genes were induced by the virulent 
hemibiotrophic bacterium P. syringae pv. maculicola. In this interaction 75 % of all candidate 
genes were transcriptionally upregulated in the wild type but not the pad4 mutant and to a minor 
extent in npr1. Thus, consistent with data from Arabidopsis-P. pachyrhizi microarrays presented 
in this study, candidate gene induction by P. syringae pv. maculicola also widely depends on func-
tional PAD4. Furthermore, more than 50 % of all candidate genes are upregulated by SA-
treatment but none by methyl jasmonate (MeJA) (Figure 8). Since SA-dependent PR-1 expression 
is not triggered before mesophyll colonization of P. pachyrhizi (Loehrer et al., 2008), it is conceiv-
able, that induction of the majority of candidate genes by P. pachyrhizi is part of an SA-dependent 
postinvasion response, being mounted once the pathogen is recognized as a biotroph. In contrast 
to data obtained from the Gene ontology consortium (GO process, 13 % of all candidate genes 
involved in response to biotic or abiotic stress), microarray data from the Genevestigator database 
show that most candidate genes display transcriptional inducibility upon exposure to biotic 
stress. Furthermore, public gene expression data support the hypothesis that candidate gene ac-
tivation depends on functional PAD4 and/or SA-signaling. 
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5.2.6.3 Promoter analysis of candidate genes 
To identify statistically overrepresented regulatory elements in the -1 to -1000 promoter region 
of all the 24 candidate genes, the ATHENA promoter analysis tool (http://www.bioinformat-
ics2.wsu.edu/cgi-bin/Athena/cgi/home.pl) was used. In Table S1 percentages of candidate genes 
containing a specific cis element are presented. The most common promoter motif among all can-
didate genes is represented by the TATA Box, which is present in 95% of the promoter sequences 
of CL genes. As expected, this common promoter motif is not statistically overrepresented since it 
is also present in 75% of all genes of the Arabidopsis genome. Only W-Boxes, that serve as binding 
sites for WRKY transcription factors were statistically overrepresented (p<10-3). One or more W-
boxes are present in promoters of all candidate genes except in CL1 and CL14, indicating that most 
candidate genes are likely to be regulated by one or more WRKY transcription factors. The WRKY 
family of transcription factors has been shown to be play a crucial role in plant immune response 
signaling (Eulgem and Somssich, 2007; Rushton et al., 2010). Considering that most candidate 
genes can be induced by various biotic stresses or elicitors (Figure 8) and 91% of all candidate 
genes contain a common regulatory element that is known to be important for regulation of de-
fense associated genes (Table S1), it seems likely that these genes might be involved in defense 
responses of Arabidopsis to P. pachyrhizi.  
 Verification of microarray gene expression profiles by RT-qPCR 
As described before, microarray expression data were based on only two different experiments. 
To validate these data, candidate gene induction upon infection was analyzed in pen2 at two days 
after inoculation with P. pachyrhizi by RT-qPCR in three independent experiments. Primer used 
for RT-qPCR-based measurements of transcript abundance were tested prior to expression anal-
ysis. Only primers with an efficiency close to two and a coefficient of determination (R2) of nearly 
one were used for RT-qPCR analysis. Candidate gene expression was routinely normalized to 
ACT2. Additional constitutively non-regulated housekeeping genes were identified using the Gen-
evestigator Refgene tool and compared to microarray data obtained in this study. Three genes 
(At5g2104, At3g42050, At5g4994) with different expression intensities that were neither up- or 
downregulated upon inoculation with pathogens in publicly available microarrays, nor regulated 
by infection with P. pachyrhizi (my own data) were used as alternative reference genes for nor-
malization in RT-qPCR assays with similar results (data not shown). Mean candidate gene induc-
tion in P. pachyrhizi infected leaves relative to mock treatment is shown in Figure 9. Consistent 
with microaaray expression data, all candidate genes were activated upon infection with P. pach-
yrhizi in all replicates with only moderate biological variation among different experiments. Yet, 
the amplitude of gene induction was generally higher when analyzed with RT-qPCR. Analysis of 
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candidate gene regulation in wild type or pen2 pad4 sag101 was renounced in this experiment but 
was investigated for a subset of candidate genes (CL4, CL7, CL16, CL20 and CL22) which exhibited 
a function in postinvasion NHR in subsequent experiments (Figure 10 and Figure 12). 
 
Figure 9. Candidate gene induction in pen2 at two days after inoculation with P. pachyrhizi. RNA was extracted 
from treated leaves at the 48 h-time point post infection and transcript abundance analyzed by RT-qPCR. Gene expres-
sion was normalized to ACT2 and mock treatment (2-(∆∆Ct)). Mean values and SD of three independent inoculations are 
shown. Consistent with microarray expression data, all candidate genes are induced in pen2 upon infection with P. 
pachyrhizi. Note that candidate gene regulation in infected wild type or pen2 pad4 sag101 is not shown here but is 
presented for selected candidates in Figure 10 and Figure 12.  
 
CL4 encodes a receptor-like kinase and was not or only weakly expressed in leaves of all genotypes 
upon mock treatment (Figure 10A). Its transcriptional upregulation (~30-fold) after infection 
with P. pachyrhizi was only observed in pen2. CL4 transcript abundance only weakly increased in 
wild type or in pen2 pad4 sag101 two days after inoculation with P. pachyrhizi (Figure 10A).  
Similarly, transcription of the CL7 gene which codes for a germin-like protein, was absent in mock-
treated leaves of all genotypes (Figure 10B). CL7 expression also was only significantly induced in 
P. pachyrhizi-infected pen2 mutants but not in the pen2 pad4 sag101 triple mutant. Although there 
was high biological variation in the absolute expression values between different experiments, 
relative induction was similar among all genotypes and treatments performed. Slight activation 
of CL7 was also detected in infected wild-type plants. Yet, this induction was much weaker than 
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in pen2 and might be caused by successful, though rare fungal invasion into the mesophyll tissue 
of the wild type that was observed at approximately 10% of all interaction sites (Figure 1).  
In contrast to CL4 and CL7, basal expression of CL22 was detected in all mock-treated plants 
(Figure 10C). Relative to mock treatment, CL22 expression increased approximately 5-fold in pen2 
but less than 2-fold in pen2 pad4 sag101 when inoculated with with P. pachyrhizi. Pathogen-in-
duced transcriptional regulation was not observed in the wild type. Taken together, transcrip-
tional data from both microarray and RT-qPCR provide evidence for a specific induction of CL 
candidates during postinvasion NHR defense reponses in pen2. 
  
Figure 10. Expression of selected candidate genes in leaves of Arabidopsis wild type, pen2, and pen2 pad4 
sag101 plants at two days after inoculation with P. pachyrhizi. RNA was extracted from treated leaves after 48 h 
and relative transcript abundance of A) CL4 (B) CL7, and C) CL22 was analyzed by RT-qPCR. ACT2 was used for normal-
ization of candidate gene expression. Mean values of three independent inoculations are shown. Wt, wild type. 
 
 Functional analysis of candidate genes in the nonhost interation be-
tween Arabidopsis pen2 and P. pachyrhizi  
5.4.1 DsRNAi mediated candidate gene silencing in pen2 
Using whole transcriptome analysis 24 candidate genes were identified as genes with potential 
involvement in Arabidopsis postinvasion NHR, putatively antagonizing development of P. pach-
yrhizi haustoria in infected leaves of pen2. Yet, transcriptional induction of these genes does not 
prove a function in postinvasion NHR. Thus, a reverse genetic approach was employed to analyze 
candidate gene function in SBR resistance. Candidate genes were silenced individually in the pen2 
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gl1 mutant background via double-stranded RNA interference (dsRNAi) to investigate possible 
effects on haustoria frequencies in leaves with dsRNAi mediated severe reduction in candidate 
gene expression. Results of haustoria screening are summarized in Table 3. Transcript abundance 
was measured by RT-qPCR in individual transformants after PCR-based confirmation of T-DNA 
integration. Since basal expression in leaf tissue of uninfected plants was absent or only weak, 
dsRNAi-lines and untransformed pen2 plants (controls) were inoculated with P. pachyrhizi prior 
to transcript analysis. Expression of most candidate genes was clearly reduced using commer-
cially available amiRNA clones or dsRNAi clones (Table 3) that were created as described in the 
Material and Methods section. Only for CL20 no viable transformants could be isolated after 
BASTA herbicide selection. Furthermore, no significant reduction in CL18, CL19, and CL21 expres-
sion was detected in corresponding amiRNA or dsRNAi lines, although integration of the T-DNA 
was detected by PCR (data not shown). All the other candidate genes were successfully downreg-
ulated by posttranscriptional gene silencing, though to different extents. Therefore, dsRNAi lines 
were classified according to their average degree of gene silencing relative to untransformed pen2 
plants. Five dsRNAi lines (CL10, CL13, CL15, CL17, and CL22) exhibited a reduction in candidate 
gene expression of only 50-75 % of the pen2 control whereas the majority of dsRNAi lines (CL2, 
CL4, CL6, CL7, CL8, CL9, CL11, CL13, CL16, and CL22) showed a decrease in candidate gene tran-
script abundance of more than 75 %, but less than 90 %. The strongest dsRNAi mediated repres-
sion of gene activation was apparent in dsRNAi lines of CL1, CL3, CL5, CL12, and CL24 (more than 
90 % reduction in transcript abundance). Only dsRNAi lines showing a transcript reduction of 
more than 50 % were analyzed microscopically after trypan blue staining. The number of individ-
ual plants, leaves, and interaction sites per dsRNAi line that have been analyzed by quantitative 
microscopical assessment are summarized in Table 3. A greater amount of interaction sites was 
analyzed on those dsRNAi lines which facilitated haustoria formation in the first experiment. The 
majority of dsRNAi lines with efficient gene silencing did not show increased haustoria frequen-
cies when compared to the pen2 control. Nevertheless, four dsRNAi lines (CL4, CL15, CL16, CL22) 
showed strong (more than 3-fold increase in haustoria number), and two lines (CL7, CL23) mod-
erate decrease (more than 2-fold increase in haustoria number) in postinvasion NHR.  
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Table 3. Postinvasion NHR of CL dsRNAi lines to P. pachyrhizi. DsRNAi constructs used for candidate gene silencing 
(2nd column) were stably transformed into pen2 gl1. Transformants were grown on soil and selected with BASTA©. 
Surviving 5-to-6-week-old transformants were inoculated with P. pachyrhizi and leaves harvested at 2dpi for determi-
nation of candidate gene expression (RTqPCR) and trypan blue staining (microscopy). DsRNAi lines were classified 
according to the degree of candidate gene expression relative to their expression in infected pen2 control plants. Shown 
are average classifications of all plants of a dsRNAi line. =, less than 50 % reduction of candidate gene expression; +, 
more than 50 % reduction of candidate gene expression; + +, more than 75 % reduction of candidate gene expression; 
+ + +, more than 90 % reduction of candidate gene expression. Only dsRNAi lines showing an average gene expression 
reduction of more than 50 % were analyzed microscopically for assessment of postinvasion NHR to P. pachyrhizi. 
Postinvasion NHR of dsRNAi  lines was categorized according to the frequency of penetration events with haustorium 
formation. =, haustoria frequency similar to the pen2 control (less than 2-fold increase or decrease compared to average 
frequency of haustoria in pen2 in all experiments (8,5 %)); -, more than 2-fold decrease in frequency of haustoria for-
mation (<4,25 %); +, more than 2-fold increase in frequency of haustoria formation (>17 %); + +, more than 3-fold 
increase in frequency of haustoria formation (>25,5 %); n.d., not determined. Numbers of analyzed plants, leaves and 
interaction sites per dsRNAi line are shown in columns 5-7). Note, that gene silencing was induced in most dsRNAi lines. 
While the majority of dsRNAi lines with efficient gene silencing did not show significant changes in resistance to P. 
pachyrhizi, silencing of certain genes resulted in enhanced susceptibility to the fungus. 
 
Gene DsRNAi clone 
Degree of 
gene si-
lencing 
Frequency 
of hausto-
ria 
Number 
of plants 
analyzed 
Number of 
leaves 
analyzed 
Number of in-
teraction sites 
analyzed 
CL1 CL ds clone (fragment) + + + - 3 3 317 
CL2 CL ds clone (fragment) + + = 3 3 333 
CL3 CSHL (amiRNA) + + + = 2 4 418 
CL4 CL ds clone (fragment) + + +/+ 7 14 1565 
CL5 CSHL (amiRNA) + + + = 2 3 319 
CL6 CATMA ds clone (fragment) + + = 2 4 406 
CL7 CSHL (amiRNA) + + + 7 14 1438 
CL8 CL ds clone (fragment) + + = 3 3 319 
CL9 CATMA ds clone (fragment) + + = 2 3 274 
CL10 CATMA ds clone (fragment) + = 3 4 414 
CL11 
CSHL (amiRNA) and CL ds 
clone (fragment) 
+ + = 6 8 881 
CL12 CL ds clone (fragment) + + + = 1 2 110 
CL13 CATMA ds clone (fragment) + = 2 4 409 
CL14 CL ds clone (full length) + + n.d. 0 0 0 
CL15 CL ds clone (fragment) + +/+ 2 5 530 
CL16 CATMA ds clone (fragment) + + +/+ 7 18 1990 
CL17 CL ds clone (fragment) + n.d. 0 0 0 
CL18 CSHL (amiRNA) = n.d. 0 0 0 
CL19 
CSHL (amiRNA) and CL ds 
clone (fragment) 
= n.d. 0 0 0 
CL20 CL ds clone (full length) 
no trans-
formants 
n.d. 0 0 0 
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CL21 
CSHL (amiRNA) and CL ds 
clone (fragment) 
= n.d. 0 0 0 
CL22 CATMA ds clone (fragment) + +/+ 4 8 863 
CL23 CSHL (amiRNA) + + + 4 8 844 
CL24 CATMA ds clone (fragment) + + + = 1 2 203 
 
Figure 11 shows the average dsRNAi mediated reduction in candidate gene expression (lower 
panel) and average frequencies of haustoria formation (upper panel) in a subset of dsRNAi lines 
that were classified as less resistant (CL4, CL7, CL15, CL16, CL22, and CL23). Additionally, the im-
pact of candidate gene silencing on haustoria formation in infected leaves is shown separately for 
all individual plants of a dsRNAi line in Figure S2. The number of penetration events with hausto-
ria development was approximately 3- to 4-fold higher in efficiently silenced pen2 CL4, pen2 CL15, 
pen2 CL16, and pen2 CL22 dsRNAi lines as compared to pen2, and similar to numbers of haustoria 
that can be detected in pen2 pad4 sag101 (Figure 11 Figure S2B). An only moderate, yet reproduc-
ible (~2-fold) increase in haustoria frequencies was detected in pen2 CL7 and pen2 CL23 dsRNAi 
lines (Figure S2A). Noteworthy, a quantitative relationship between CL16 and CL7 gene silencing 
and haustoria formation was observed. Moderate silencing of the latter genes in the pen2 mutant 
background only slightly enhanced haustoria development, whereas strong suppression lead to 
significantly higher haustoria formation in these transgenic lines (Figure S2). Similar to the above 
described observations in the infected pen2 pad4 sag101 mutant (section 5.1), haustoria in meso-
phyll cells of all dsRNAi lines were strongly encased with callose (Figure 1 and  Figure S1B) and 
mesophyll cells hosting haustoria did not undergo cell death. Furthermore, development of more 
than one haustorium per interaction site was observed only exceptionally and fungal growth 
mostly ceased after formation of the first haustorium. Proliferation of the fungus beyond this de-
velopmental stage could not be observed in any dsRNAi line analyzed; also sporulation never oc-
curred. Nevertheless, dsRNAi based screening preliminarily confirmed the hypothesized function 
of several candidate genes in Arabidopsis’ postinvasion NHR to P. pachyrhizi. Yet, further analysis 
of candidate gene function in NHR using a mutant-based approach is needed to unequivocally 
prove an important function of these genes in postinvasion NHR.  
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Figure 11. Attenuation of postinvasion NHR and reduction of P. pachyrhizi-induced candidate gene activation 
in selected dsRNAi lines. Leaves of pen2 and dsRNAi transgenic lines (all in gl1 mutant background) were inoculated 
with P. pachyrhizi and harvested at 2 dpi for determination of candidate gene expression and trypan blue staining. 
A) Average frequency of haustoria formation and B) average expression of candidate gene in inoculated leaves is shown 
for several dsRNAi lines relative to pen2 control plants. Mean values were calculated only from those dsRNAi lines that 
showed a severe reduction (more than 50 %) in candidate gene abundance. Number of plants, leaves and interaction 
sites analyzed per transgenic line are listed in Table 3.  
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5.4.2 Characterization of candidate genes with a function in phenylpropanoid metabo-
lism 
5.4.2.1 Expression profiles of genes in phenylpropanoid metabolism 
Amongst all candidate genes identified by whole transcriptome analysis, CL16 and CL20 are im-
plicated in phenylpropanoid metabolism (PPM). CL20 encodes a cinnamate 4-hydroxylase (C4H, 
REF3) that catalyzes the hydroxylation of cinnamate to yield 4-coumarate (also known as p-
coumarate) (Schilmiller et al., 2009). CL16 encodes a UDP-glycosyltransferase (UGT84A2, BRT1) 
that is involved in sinapate ester biosynthesis, catalyzing the glycosylation of sinapic acid 
(Milkowski et al., 2000; Lim et al., 2001; Sinlapadech et al., 2007). Since various enzymes of the 
PPM were shown to be crucial for resistance in various plant-pathogen interactions (La Camera 
et al., 2004; Dixon et al., 2002; Truman et al., 2006; Prats et al., 2007; Del Mar Rojas-Molina et al., 
2007) and several genes of the PPM are known to be transcriptionally activated in soybean upon 
infection with P. pachyrhizi (Van de Mortel et al., 2007; Schneider et al., 2011; Choi et al., 2008; 
Panthee et al., 2009) transcriptional regulation of key enzymes of the PPM was investigated in the 
Arabidopsis-P. pachyrhizi interaction. Microarray expression data were specifically surveyed for 
genes of the Arabidopsis PPM showing pathogen-induced transcriptional activation or suppres-
sion. A subset of these genes and their expression behavior upon infection with P. pachyrhizi is 
shown in Figure 12C. While expression of only few genes (e.g. SMT) was unaffected by infection, 
PAL, OMT, and F5H were induced in all P. pachyrhizi-infected genotypes (wild type, pen2, and pen2 
pad4 sag101). In contrast, C4H and UGT84A2/BRT1 were activated only in infected pen2. Chalcone 
synthase (CHS) represented the only PPM gene that was transcriptionally repressed after P. pach-
yrhizi infection, indicating that upon infection phenylpropanoid metabolite flow is likely to be re-
directed from flavonoid synthesis to lignin or sinapate ester biosynthesis.  
P. pachyrhizi-induced gene regulation observed in microarray expression data were subsequently 
verified for selected PPM genes in three independent experiments using RT-qPCR. As shown in 
Figure 12, CL16 (UGT84A2, BRT1), CL20 (C4H, REF3), F5H (FAH1), and SMT (SNG1) are expressed 
at low basal levels in wild-type, pen2, and pen2 pad4 sag101 plants two days after mock inocula-
tion. Consistent with candidate gene selection criteria, CL16 and CL20 were transcriptionally up-
regulated exclusively in P. pachyrhizi-infected pen2 mutants but not in the wild type or the pen2 
pad4 sag101 triple mutant (Fig. 12A and 12C). In contrast, F5H was similarly induced in all geno-
types upon infection, whereas SMT was not significantly regulated in either genotype.  
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Figure 12. Transcriptional regulation of Arabidopsis PPM genes upon inoculation with P. pachyrhizi. Microarray 
expression data were specifically surveyed for genes of the Arabidopsis PPM showing pathogen-induced transcriptional 
activation or repression. In D) a subset of these genes, the postion of the encoded enzyme in the PPM, and the expression 
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behavior upon infection with P. pachyrhizi is shown. Red arrows without frame, expression upregulated in all genotypes 
(wt, pen2, pen2pad4sag101); red arrow with frame, upregulated specifically in pen2; blue arrow, downregulated in all 
genotypes; black arrow, not regulated; dashed arrow, several genes involved, regulation not shown here. Transcrip-
tional regulation observed in microarray expression data was confirmed for selected genes by RT-qPCR analysis. RNA 
was extracted from mock-treated or P. pachyrhizi-infected leaf tissue at two days after inoculation and transcript abun-
dance was measured in RT-qPCR. Target gene expression was normalized to ACT2. Average gene expression values and 
SD of three independent experiments are shown for A) CL20/C4H, B) FAH1/F5H, C) CL16/BRT1 and E) SNG1/SMT. Con-
sistent with microarray expression data only CL16 and CL20 were exclusively induced in infected pen2 mutants whereas 
FAH1 was upregulated similarly in all genotypes upon infection. Significant regulation of SNG1 was not observed.  
 
5.4.2.2 Sinapate ester biosynthesis and phenotype of ref mutants  
As described above, dsRNAi mediated silencing of BRT1 (CL16) lead to a significant increase of 
haustoria in infected leaves of pen2 CL16 dsRNAi lines. However, the function of CL20 in postinva-
sion NHR could not be analyzed using dsRNAi mediated gene silencing, since no viable pen2 CL20 
dsRNAi lines could be isolated. Thus, mutants of CL16 and CL20, that will be referred to as brt1 or 
ref3 in the remainder of text, were crossed to pen2 to evaluate their function in postinvasion NHR. 
Both mutants belong to the group of reduced epidermal fluorescence (ref) mutants (Ruegger and 
Chapple, 2001; Fraser and Chapple, 2011). These exhibit reduced epidermal fluorescence under 
UV light due to decreased levels of sinapoylmalate in the leaf epidermis (Ruegger and Chapple, 
2001; Fraser and Chapple, 2011). To evaluate possible effects of sinapoylmalate abundance on 
postinvasion NHR, fah1 was also included in this study, since accumulation of sinapoylmalate is 
completely blocked in this mutant. Sinapoylmalate abundance in the three ref mutants, wild-type 
plants, and pen2 CL16dsRNAi lines was measured by HPLC and compared to sinapoylmalate levels 
in the pen2 mutant (Figure 13B). Only a single fluorescence signal was detected in methanolic leaf 
extracts of wild-type, pen2, brt1 and ref3 plants, that was absent in extracts of the fah1 mutant 
(Figure S3A). Likewise, only TLC of leaf extracts of wild type, but not fah1, yielded a fluorescent 
band when visualized at 366nm (Figure S3C). Consistent with previous reports (Ruegger and 
Chapple, 2001; Sinlapadech et al., 2007; Fraser and Chapple, 2011) HPLC-based quantification of 
sinapoylmalate revealed, that sinapoylmalate abundance was reduced in brt1 and ref3 mutants 
but not detectable in fah1 (Figure 13B). Similar amounts of the sinapate ester were detected in 
wild-type plants and pen2 mutants (Figure 13B). Furthermore, sinapoylmalate levels were simi-
larly reduced in leaf extracts of pen2 CL16dsRNAi lines and the brt1 mutant, indicating that dsR-
NAi mediated repression of BRT1 expression was reflected at the metabolic level. Furthermore, 
transformation of wild-type plants with the CL16 dsRNAi construct resulted in hyperfluorescence 
of trichomes under UV light similar to the phenotype of the brt1 mutant (Figure 13A), indicating 
that dsRNAi mediated silencing of BRT1 has a similar, yet slightly weaker phenotypic effect than 
the BRT1 mutation. 
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Figure 13. Downregulation of BRT1 by dsRNAi results in hyperfluorescence of trichomes under UV light and 
reduction of sinapoylmalate abundance in leaves. A) Photos of leaves from 4-week-old plant genotypes were taken 
in UV light. Note that hyperfluorescent trichomes are observed only on brt1 mutants and CL16 dsRNAi transgenic lines, 
but neither on the wild type nor on the brt1 BRT1:BRT1-GFP complementation mutant. B) For HPLC analysis equal 
amounts of leaf material of four different plants of a genotype were pooled prior to methanolic extraction. Only a single 
fluorescence peak at a retention time of 24.5 min was detected by HPLC (excitation: 335 nm; emission: 460 nm). Rela-
tive sinapoylmalate abundance is presented as peak area relative to pen2. Mean values +/- SD of three independently 
prepared extracts are shown. Consistent with data from Ruegger and Chapple 2001, sinapoylmalate abundance is re-
duced in brt1 and ref3 mutants and absent in fah1. Likewise, a reduction in sinapoylmalate content is also apparent 
pen2 CL16 dsRNAi  lines. 
 
5.4.2.3 Loss of postinvasion NHR in the pen2 brt1 double mutant 
To validate the above findings with pen2 BRT1 dsRNAi lines, pen2 brt1 double mutants were in-
oculated with P. pachyrhizi, harvested at 2 dpi and microscopically analyzed for detection of haus-
toria development after trypan blue staining. Similar to the pen2 BRT1 dsRNAi lines, the pen2 brt1 
double mutant was impaired in postinvasion NHR to P. pachyrhizi (Figure 14). The amount of pen-
etration events with haustorium formation was nearly 7-fold higher in pen2 brt1 than it was in 
pen2 (Figure 14) and the number of haustoria even exceeded the one observed in the infected 
pen2 pad4 sag101 mutant (Figure 14). The score of interaction sites with haustoria remained in 
the same order of magnitude or only slightly increased until four days after P. pachyrhizi infection 
in the pen2 brt1 double or pen2 pad4 sag101 triple mutants (Figure S4). Similar to the above ob-
servations with the infected pen2 pad4 sag101 mutant and pen2 BRT1 dsRNAi lines, haustoria in 
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mesophyll cells of the pen2 brt1 double mutant were strongly encased with sirofluor-positive ma-
terial which likely represents callose and mesophyll cells hosting haustoria did not undergo cell 
death (data not shown). 
 
Figure 14. Interaction of Arabidopsis mutants with P. pachyrhizi. Interaction was assessed by quantitative micro-
scopical analysis of interaction sites. Inoculated leaves were harvested at two days after infection with P. pachyrhizi. 
The frequency of penetration events with haustorium formation was determined microscopically after trypan blue 
staining of leaves. For each genotype a minimum of 900 penetration events on nine leaves of nine different plants from 
at least three independent inoculations were scored. Letters on top of columns indicate significant differences in haus-
toria frequencies between genotypes as determined by one way ANOVA analysis (Holm-Sidak method, p<0.05)). Pen2 
brt1 plants were analyzed in wild-type and gl1 background to evaluate whether postinvasion NHR in pen2 brt1 is dif-
ferently affected in the presence or absence of trichomes. To assess whether sinapoylmalate would affect Arabidopsis 
postinvasion NHR to P. pachyrhizi, the pen2 fah1 double mutant was included in the assay.  
 
Brt1 has a hyperfluorescent trichome phenotype in UV light because of accumulation of polyke-
tides in these cells (Sinlapadech et al., 2006). The pen2 mutant used in this study lacks trichomes 
due to its glabrous (gl1) genetic background. GL1 encodes a transcription coactivator that con-
tributes to trichome development (Oppenheimer et al., 1991; Larkin et al., 1993). Due to the ab-
sence of trichomes in pen2 and pen2 brt1 it is possible that polyketides localize to other cells or 
cellular compartments, thereby affecting NHR to P. pachyrhizi. To investigate whether the infec-
tion phenotype of pen2 brt1 and pen2 BRT1 dsRNAi lines is due to lack of trichomes, postinvasion 
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NHR of pen2 brt1 and pen2 brt1 gl1 were analyzed separately. As shown in Figure 14, the fre-
quency of haustoria detected in P. pachyrhizi-infected leaves was independent of the absence 
(pen2 brt1 gl1) or presence (pen2 brt1) of trichomes, at least at two days after infection. This find-
ing indicates that attenuated postinvasion NHR in the pen2 brt1 gl1 mutant is not due to absence 
of trichomes in this plant. 
5.4.2.4 Lack of sinapoylmalate does not affect postinvasion NHR 
Since sinapoylmalate levels are reduced in leaves of the brt1 mutant (Ruegger and Chapple, 2001) 
it is possible that impaired postinvasion NHR in the pen2 brt1 mutant or pen2 BRT1dsRNAi lines 
is caused by decreased sinapoylmalate levels in these plants. This possibility was tested by cross-
ing pen2 with the sinapoylmalate-deficient fah1 mutant and scoring haustoria formation in 
P. pachyrhizi-infected, homozygous pen2 fah1 plants at two days after inoculation. Figure 14 
shows that postinvasion NHR was not affected in the pen2 fah1 double mutant in which haustoria 
formation was similar to the one in pen2 (Figure 14). This finding indicates that the reduction in 
sinapoylmalate levels in the pen2 brt1 double mutant or pen2 BRT1 dsRNAi lines is not responsible 
for the attenuated postinvasion NHR to P. pachyrhizi in these plants. 
5.4.2.5 No role for BRT1 in preinvasion NHR 
To investigate whether BRT1’s contribution to Arabidopsis NHR to P. pachyrhizi is exclusive for 
postinvasion NHR or whether it would also contribute to preinvasion NHR to this pathogen, fungal 
invasion was scored in P. pachyrhizi-inoculated brt1 and wild-type plants. Furthermore fungal in-
vasion was scored in infected fah1 mutants. As shown in Figure 15, neither brt1 nor fah1 mutants 
permitted significantly increased fungal penetration when compared to the wild type. Thus, FAH1 
is dispensable for NHR to P. pachyrhizi, whereas BRT1 represents a novel component of Arabidop-
sis NHR with a specific role in postinvasion resistance to P. pachyrhizi. 
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Figure 15. BRT1 has no significant role in preinvasion NHR to P. pachyrhizi. Inoculated leaves were harvested at 2 
dpi and stained with trypan blue. To assess the rate of fungal entry into the mesophyll, at least 900 interaction sites 
from nine different leaves of nine different plants were analyzed microscopically. Results from three independent inoc-
ulations were used to detemine average fungal entry rates and standard deviation. Kruskal-Wallis one way ANOVA on 
ranks was applied for statistical analysis. Differences between genotypes were not significant (p=0.339). 
 
5.4.2.6 BRT1 localizes to the cytoplasm and chloroplasts and does not translocate upon infection 
BRT1-GFP presumably localizes to the cytoplasm (Sinlapadech et al., 2007). Furthermore, it has 
the capacity to complement the brt1 hyperfluorescence phenotype (Figure 13A), indicating func-
tionality of the fusion protein. Yet, in silico analysis using softberry ProtComp9.0 suggested a sub-
cellular localization of BRT1 in the cytoplasm and chloroplasts, respectively (data not shown). To 
address these discrepancies and to elucidate whether BRT1-GFP accumulates at interaction sites 
upon infection with P. pachyrhizi, BRT1-GFP was stably expressed in pen2 mutants under control 
of its native promoter. Leaves of untransformed pen2 and pen2 mutants stably expressing BRT1-
GFP remained untreated or were inoculated with P. pachyrhizi. GFP fluorescence and autofluores-
cence in non-plasmolyzed and plasmolyzed epidermal and mesophyll leaf tissue were visualized 
by confocal laser scanning microscopy. In non-plasmolized cells of the epidermis and mesophyll 
GFP fluorescence was evenly distributed in the cell periphery but absent from the nucleus (Figure 
16A, upper  two panels). During plasmolysis, neither extracellular GFP fluorescence nor fluo-
rescing Hechtian strands were observed. These findings indicated that BRT1 does not localize to 
the apoplast or plasma membrane (Figure 16A, lower two panels). Furthermore, any kind of re-
ticulate or punctate fluorescence that would indicate that BRT1 is anything other than a soluble 
cytoplasmic protein could not be observed in epidermal cells and non-plasmolyzed mesophyll 
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cells. Yet, plasmolyzed mesophyll cells also showed GFP fluorescence that colocalized with chlo-
rophyll autofluorescence (Figure 16A, bottom panel), indicating that in mesophyll cells BRT1 lo-
calizes to the cytosol and chloroplasts, respectively. 
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Figure 16. BRT1-GFP localizes to the cytoplasm and chloroplast but does not translocate upon infection with 
P. pachyrhizi.Leaves of 3-week-old Arabidopsis pen2 and pen2 mutants stably expressing BRT1-GFP under control of 
the native BRT1 promoter remained either untreated or were inoculated with P. pachyrhizi and analyzed by confocal 
laser scanning microscopy. A) GFP fluorescence is seen in non-plasmolyzed and plasmolyzed epidermal and mesophyll 
tissue, respectively. While BRT1-GFP exclusively localizes to the cytoplasm of epidermal cells it also colocalizes with 
chlorophyll autofluorescence in mesophyll cells. B) Focal accumulation around penetration sites or translocation to-
wards fungal structures upon P. pachyrhizi-infection was not observed. Instead, penetration and cell death are accom-
panied by whole cell autofluoresce and strong autofluorescence surrounding fungal penetration hyphae. 
 
Inoculation with P. pachyrhizi did not affect localization of the BRT1-GFP fusion protein at 24 hpi 
or at later stages of infection (Figure 16B). Penetrated epidermal cells of untransformed and 
BRT1-GFP expressing pen2 were strongly autofluorescent after 24 hpi (Figure 16B). Furthermore, 
focal autofluorescence surrounding the fungal entry site was observed. Since autofluorescence 
signals were also detected within the GFP emission spectrum, (λ=508-526 nm), no visible distinc-
tion between GFP fluorescence and autofluorescence was possible in cells which had been pene-
trated by the fungus. To investigate whether the observed focal fluorescence around pentration 
sites was due to translocation of BRT1-GFP to sites of infection, fluorescence intensity in the GFP 
emission spectrum was quantified in untransformed and BRT1-GFP expressing pen2 that had 
been inoculated with the pathogen. Fluorescence signal intensities in the GFP emission spectrum 
were similar between untransformed plants and those expressing the fusion protein (data not 
shown), indicating that the observed focal fluorescence around penetration sites is not caused by 
translocation of BRT1-GFP to sites of infection, but a result of autofluorescent compounds accu-
mulating in the proximity to fungal penetration hyphae and dying cells.  
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 Analysis of Arabidopsis candidate gene function in the resistance of 
G. max to P. pachyrhizi  
To elucidate whether CL candidate genes only have a function in Arabidopsis NHR to P. pachyrhizi, 
or if they also provide resistance to the soybean host, individual candidate genes were expressed 
in the P. pachyrhizi-susceptible soybean cultivar Williams 82. Fourteen days after inoculation with 
the fungus, resistance was scored by visually evaluating the diseased leaf area on transformed and 
untransformed soybean lines. Representative images of soybean leaflets with differently diseased 
leaf area are shown in Figure 17A. A minimum of three transformation events consisting of at least 
three genetically identical transgenic soybean clones were assayed per transgenic line in the T0 
and/or T1 generation. Similar to their function in Arabidopsis NHR to P. pachyrhizi, expression of 
CL4, CL7, and CL22 induced resistance of soybean to different extents (Figure 17D). Overexpres-
sion of CL4 resulted in an approximately 50 % decrease of symptoms that were visible 14 days 
after inoculation. Similarly increased resistance was observed in CL7 overexpression lines 
whereas CL22 overexpressing plants showed a slightly less pronounced effect, caused by a 
stronger symptom variation among individual clones. Interestingly, CL13 and CL24 also induced 
host resistance (Figure 17C and D; both lines with approximately 50 % less infected leaf area), 
although knockdown of these genes in Arabidopsis pen2 did not alter postinvasion NHR to the 
fungus (Table 3). Enhanced resistance of CL24 overexpression lines was apparent in three inde-
pendent experiments, confirming the potential of this gene in reducing susceptibility of the host 
plant to P. pachyrhizi. In contrast, CL20 (C4H/REF3) overexpression only enhanced resistance of 
the first (T0) but not the second generation (Figure 17D) of transformants, indicating that evalua-
tion of several generations of transgenic lines is necessary to estimate gene function in host re-
sistance to P. pachyrhizi using this experimental readout. Consistent with the results with the dsR-
NAi based investigation of gene function in Arabidopsis NHR, neither CL1 nor CL5 conferred re-
sistance of soybean to P. pachyrhizi (Figure 17B). While CL5 overexpression lines were similarly 
susceptible as control plants, CL1 overexpression lines even displayed enhanced symptom devel-
opment. Hypersusceptibility to ASR was also induced by expression of CL23 (Figure 17A). The 
majority of soybean lines overexpressing this gene displayed a more than 2-fold increase in rust 
pustules (Figure 17B). This contrasts the Arabidopsis-P. pachyrhizi nonhost system, in which 
knockdown of CL23 in the pen2 background enhanced the frequency of haustoria in infected 
leaves. Thus, expression of CL23 seems to be essential for Arabidopsis NHR to P. pachyrhizi but 
induces increased susceptibility in the soybean host. Analysis of further generations in future 
greenhouse and field studies using additional screening readouts will finally reveal which of the 
engineered transgenic soybean lines have the potential for use in agriculture. 
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Figure 17. Stable CL candidate gene overexpression can confer  resistance to P. pachyrhizi in soybean. Soybean 
lines stably overexpressing single candidate genes were engineered. Then they were analyzed in greenhouse trials for 
resistance to P. pachyrhizi 14 days after inoculation by visually estimating the diseased area of primary leaves and the 
first trifolium. A) Representative images of soybean leaflets with differently diseased leaf area 14 days after inoculation 
with P. pachyrhizi. Values above images were calculated with Adobe Photoshop®. They correspond to the diseased leaf 
area relative to the total leaf area (%). B) Diseased leaf area of at least five transformation events (three clones each) 
from the T0 (CL5 and CL23) or T1 generation (CL1) of each overexpression line was evaluated. Data were obtained from 
only one experiment. They are presented as diseased leaf area relative to the wild-type control (W82). Note, that CL1 
and CL5 overexpressing plants show symptoms similar to the wild type while overexpression of CL23 induces hyper-
susceptibility. C) Overexpression of CL24 in G. max induces resistance to P. pachyrhizi. Data were obtained from three 
independent inoculations of three separate transformation events (3-10 clones each) in the T0 and T1 generation (total 
of 46 plants) D) Overexpression lines showing resistance against P. pachyrhizi in two independent experiments. At least 
three clones from three events in the T0 and T1 generation were analyzed at 14 days after inoculation. Note that CL4, 
CL7, CL13 and CL22 overexpression lines showed consistent resistance in both generations. CL20 overexpression en-
hanced resistance only in the T0 but not the T1 generation. 
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 Definition of NHR layers in the Arabidopsis-P. pachyrhizi interaction  
NHR of plants to fungal pathogens comprises pre- and postinvasion defense mechanisms (Lipka 
et al., 2005). In nonhost interactions with obligate biotrophic fungi like rusts or mildews, the term 
prehaustorial resistance has been used synonymously with the terms preinvasion- or penetration 
resistance while the terms postinvasion, or posthaustorial resistance are used to describe re-
sistance that is expressed after successful establishment of haustoria or haustoria initials (Niks, 
1987; Heath, 2002; Lipka et al., 2005; Collins et al., 2007; Hardham et al., 2007). Yet, modes of 
infection vary among biotrophic fungi such as epiphytically growing powdery mildews or directly 
penetrating rust fungi such as P. pachyrhizi. In contrast to Bgh two penetration events (penetra-
tion of the epidermis and penetration of a mesophyll cell wall) are necessary for successful estab-
lishment of a fungal haustorium and initiation of a biotrophic relationship between P. pachyrhizi 
and its soybean host whereas only penetration of the epidermal cell is needed for formation of a 
Bgh haustorium. Therefore, terms need to be applied carefully to accurately describe at which 
level a putative NHR gene contributes to resistance of Arabidopsis to P. pachyrhizi. In contrast to 
interactions with powdery mildews, preinvasion resistance to P. pachyrizi only limits fungal entry 
to the intercellular spaces of the mesophyll but not the establishment of haustoria. This is appar-
ent in the pen2 mutant background in which loss of preinvasion resistance increases the frequency 
of fungal mesophyll invasion but leads to only rare haustoria development in P. pachyrhizi-in-
fected tissue (Fig. 1). In the Arabidopsis- P. pachyrhizi pathosystem the inhibition of fungal haus-
torium invagination is rather part of postinvasion resistance (part of preinvasion resistance to 
Bgh). Following haustoria development a second layer of postinvasion resistance (termed post-
haustorial postinvasion resistance here) is present, suppressing further fungal development, pos-
sibly via callose encasement of haustoria or hypersensitive cell death of mesophyll cells with haus-
torium, similar to interactions between Arabidopsis and powdery mildews (Lipka et al., 2005; 
Niks and Marcel, 2009; Wen et al., 2011). Thus, postinvasion resistance to P. pachyrhizi needs to 
be subdivided into prehaustorial and posthaustorial postinvasion defense. All NHR genes identi-
fied in this study act at the level of prehaustorial postinvasion NHR because only frequencies of 
haustoria formation were enhanced in candidate gene knockout lines or mutants. Since fungal 
development always ceased after formation of a haustorium effective posthaustorial postinvasion 
defense responses must be present that counteract further fungal proliferation. Yet, if not stated 
otherwise, for simplification only the term postinvasion NHR is used below instead of prehausto-
rial postinvasion NHR since posthaustorial postinvasion NHR was not investigated in this study. 
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 Function of previously identified NHR genes in the Arabidopsis-P. pach-
yrhizi interaction 
Consistent with previous data (Loehrer et al., 2008) fungal invasion of the mesophyll tissue was 
clearly enhanced in P. pachyrhizi infected pen2 mutants compared to the wild type. Nevertheless, 
haustoria were only rarely detectable, indicating the presence of effective postinvasion defense 
responses that inhibit penetration of mesophyll cell walls and formation of fungal feeding struc-
tures. Similar to the Arabidopsis- Bgh interaction (Lipka et al., 2005), concomitant inactivation of 
PAD4 and SAG101 lead to a significant decrease in postinvasion resistance (Figure 1) to P. pach-
yrhizi. However, different from the Arabidopsis- Bgh pathosystem loss of PAD4 and SAG101 func-
tion in the pen2 mutant background did not support further proliferation or reproduction of the 
non-adapted rust fungus, indicating presence of a second layer of postinvasion resistance (post-
haustorial postinvasion resistance) repressing the successful establishment of a biotrophic rela-
tionship. Yet, it is not clear whether essential requirements are missing in Arabidopsis that are 
needed to establish the biotrophic stage of the pathogen (general incompatibility) or whether the 
interaction is actively terminated by plant defense responses. Strong callose encasement of fungal 
haustoria, that, with very few exceptions, was always visible around haustoria in any of the geno-
types tested in this study, might resemble such an actively mounted posthaustorial defense reac-
tion. This possibility is supported by reports which correlated enhanced haustoria encasement 
with increased postinvasion resistance (Wang et al., 2009; Wen et al., 2011). For example, Wen 
and colleagues showed that Arabidopsis postinvasion NHR to the Golovinomyces cichoracearum 
isolate UMSG1 is mainly manifested as formation of a callosic encasement of the haustorial com-
plex (EHC) or by execution of an HR (Wen et al 2010). Since mesophyll cell death was mostly ab-
sent in P. pachyrhizi-infected pen2 pad4 sag101 triple mutants callose encasement of haustoria in 
Arabidopsis mesophyll cells might suffice to restrict fungal nutrient uptake and to block further 
proliferation of P. pachyrhizi. HR may serve as a next, perhaps more destructive event of posthaus-
torial resistance to reinforce the earlier defense exerted by callose deposition. To address the im-
portance of haustorial callose encasements on Arabidopsis posthaustorial NHR to P. pachyrizi, I 
have introduced a loss-of-function mutation (pmr4-1) of PMR4/GSL5 encoding a glucan synthase-
like membrane protein known to be required for callose accumulation in response to fungal inva-
sion (Jacobs et al., 2003; Nishimura et al., 2003) into pen2 pad4 sag101 as well as pen2 brt1 mu-
tants. Evaluation of postinvasion defense responses of these plants has not been possible until 
now but will be subject of future experiments.  
Taken together, presented data indicate that PAD4 and SAG101 are not only crucial for posthaus-
torial postinvasion NHR of Arabidopsis to Bgh but also for prehaustorial postinvasion NHR to P. 
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pachyrhizi, suggesting considerable overlap between Arabidopsis NHR to the biotrophic fungal 
pathogens Bgh and P. pachyrhizi. Recently, Nakao and colleagues demonstrated compromised 
NHR in mutants, including pen2 NahG pmr5 agb1 and pen2 NahG pmr5 mlo2, when using Mag-
naporthe oryzae as a hemibiotrophic nonhost pathogen (Nakao et al., 2011). In contrast to inter-
actions between Arabidopsis and adapted powdery mildews (Nishimura et al., 2003) but similar 
to the Arabidopsis- M. oryzae nonhost pathosystem (Maeda et al., 2009; Nakao et al., 2011), mu-
tations in PMR5 also allow enhanced entry of P. pachyrhizi into the mesophyll (my unpublished 
data), further indicating that NHR to different unrelated pathogens may at least partially rely on 
the same genetic components.  
 Identification of novel Arabidopsis NHR genes by global transcriptome 
analysis 
Here, putative NHR genes were identified by comparative transcriptional profiling of P. pach-
yrhizi- or mock-treated wild type, pen2, and pen2 pad4 sag101 mutants. According to PCA (Figure 
3) and HCL analysis (data not shown), as well as total amounts of differentially regulated genes in 
each genotype in response to infection (Figure 4) significant global gene expression changes have 
occurred in all tested accessions upon challenge with P. pachyrhizi which were found to be most 
prominent in pen2. This enhanced gene activation in pen2 mutants upon infection might be caused 
by the fact, that wild-type plants do not permit fungal mesophyll invasion. Consequently, induc-
tion of postinvasion NHR responses is not triggered in the wild type. Furthermore, attenuated 
gene induction in the triple mutant suggests that postinvasion-induced transcriptional repro-
gramming in pen2 seems to widely depend on functional PAD4 and SAG101, indicating that the 
EDS1, PAD4, SAG101 signaling complex might represent a master regulator of postinvasion NHR 
to non-adapted fungi. Differences between different experiments were also visible in PCA and 
HCL. Yet, due to the sensitivity of the method applied, differences in global gene expression among 
independent experiments are not uncommon and account for normal biological variability. Even 
among technical replicates clear variation in gene expression can be observed when using micro-
array analysis (Gjetting et al., 2007). 
 In silico analysis of candidate genes with a putative function in Arabidop-
sis NHR to P. pachyrhizi 
In silico analysis revealed a common pathogenesis-associated regulation pattern linked to the 
presence of common cis-element (W-Box) in candidate gene promoters. Since W-boxes are known 
to have a function in regulation of defense related plant genes (Eulgem and Somssich, 2007; 
Rushton et al., 2010) and also in the interaction between soybean and P. pachyrhizi (Pandey et al., 
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2011), revelation of this common promoter motif among candidate genes strongly suggested a 
putative function of these genes in plant defense against P. pachyrhizi, thereby supporting their 
proposed function in plant defense. Analysis of public microarray data also revealed, that con-
sistent with their induction profile in the Arabidopsis-P. pachyrhizi nonhost pathosystem, CL can-
didate gene activation by P. syringae pv. maculicola also was widely dependent on a functional 
PAD4 gene since P. syringae pv. maculicola-induced candidate gene expression was absent in the 
pad4 mutant. Absence of CL gene induction in interactions with pad4 mutants and both, P. pach-
yrhizi and P. syringae pv. maculicola, indicates the presence of a conserved, PAD4-dependent gene 
activation pathway in host and nonhost defense against different pathogens with distinct life-
styles. Furthermore, lacking gene activation by MeJa treatment but inducibility by SA treatment 
supported the hypothesized function of candidate genes in inhibiting the initiation of a biotrophic 
interaction on the postinvasion level, since SA is known to mediate resonses to biotrophic patho-
gens whereas MeJa is believed to act in immune responses against necrotrophs and herbivorous 
insects in Arabidopsis (Pieterse et al., 2012). Since previous reports revealed that PR-1, which is 
known to be mainly induced via the SA-dependent defense pathway, is only expressed in P. pach-
yrhizi-challenged Arabidopsis mutants with compromised preinvasion NHR (Loehrer et al., 2008), 
it is conceivable, that SA-signaling is likely to mediate postinvasion NHR responses. Thus, candi-
date genes regulated via this pathway are also likely to participate at this level of defense (in the 
mesophyll). Taken together, comparative transcriptome analysis among differentially resistant 
mutants enabled specific identification of genes that are likely to function in postinvasion NHR of 
Arabidopsis to P. pachyrhizi. 
 Function of candidate genes in resistance of Arabidopsis or G. max to 
P. pachyrhizi 
To verify the hypothesized function of these candidate genes in resistance to P. pachyrhizi in vivo, 
two approaches were done at the same time. While candidate gene function in Arabidopsis NHR 
was monitored by quantitative microscopic analysis of dsRNAi lines with confirmed reduction in 
candidate gene expression or by mutant analysis, candidate genes were also stably expressed in 
soybean to evaluate their potential in crop protection. Eight of the 24 genes showed a preliminary 
or reproducible function in resistance to P. pachyrhizi, whereas functional analysis of the other 
genes did not confirm their assumed role in resistance. None of these eight genes has directly been 
implicated in pathogen resistance so far. In case of the dsRNAi or mutant based screening, loss of 
gene function might not necessarily result in a detectable phenotype since candidate gene func-
tion might be compensated by homologous genes. Nevertheless, three genes exhibited a function 
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in the Arabidopsis-P. pachyrhizi nonhost interaction and the soybean-P. pachyrhizi host interac-
tion (CL4, CL7, CL22), while other genes only enhanced the P. pachyrhizi resistance in soybean but 
were dispensable for Arabidopsis NHR (CL13, CL24). A possible contribution of CL15 and CL16 to 
host resistance has not been analyzed so far. Both genes were essential for postinvasion defense 
of Arabidopsis. Interestingly, dsRNAi mediated gene silencing of CL23 rendered Arabidopsis less 
resistant whereas overexpression of the latter gene in soybean induced hypersusceptibility to the 
ASR fungus. Possible mechanisms by which candidate genes might contribute to Arabidopsis NHR 
or resistance of soybean to P. pachyrhizi will be discussed below.  
6.5.1 CL23, an ankyrin repeat family protein 
CL23 encodes a presumably plasma membrane-anchored (ProtComp9.0) protein of the ankyrin 
repeat family. This family comprises 158 proteins in Arabidopsis sharing a ~33 amino acid 
ankyrin repeat motif which has been shown to be involved in protein-protein interactions 
(Sedgwick and Smerdon, 1999). Among these proteins accelerated cell death 6 (ACD6), which has 
been shown to be a component of the light-dependent branch of the SA-signaling pathway in Ar-
abidopsis (Lu et al., 2003), has the closest homology (67% identity on amino acid level) to CL23. 
CL23 is located next to ACD6 in a large cluster of ACD-like genes on chromosome IV, making them 
prone to intergenic recombination, similar to some disease resistance (R) loci containing clus-
tered genes (Ellis et al., 2000). Interestingly, it has been shown that plants lacking ACD6 transi-
ently produced less SA and were less responsive to the SA analog BTH but more susceptible to 
virulent P. syringae. In contrast, plants with extra copies of ACD6 displayed modestly increased 
SA levels, increased resistance to P. syringae and showed BTH-inducible and/or spontaneous cell 
death, indicating that ACD6 is a regulator and effector of the SA pathway. Similar to these finding 
dsRNAi-mediated suppression of CL23 expression in Arabidopsis pen2 also increased the fre-
quency of haustoria when inoculated with P. pachyrhizi (Table 3 and Figure 11). Yet, hypersus-
ceptibility to P. pachyrhizi was observed when CL23 was stably expressed in G. max (Figure 17B). 
Thus, CL23 acts as a susceptibility factor in soybean, possibly because overexpression of the reg-
ulator of SA-signaling might disarrange controlled SA-dependent activation of defense mecha-
nisms that might normally help to antagonize fungal attack in soybean. 
6.5.2 CL13, a protein of unknown function 
In contrast to CL23, expression of CL13 and CL24 strongly enhanced resistance of G. max to 
P. pachyrhizi, whereas silencing of these genes did not affect Arabidopsis NHR, possibly caused by 
functional redundancy of candidate genes and their homologues. CL13 encodes a yet uncharacter-
ized 10.4 kDa protein predicted to localize to the nucleus (softberry: integral: 4.2). Regarding to 
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its predicted localization it might possibly act as a transcription factor being involved in gene reg-
ulation upon pathogen infection. Future experiments will reveal the protein’s biochemical prop-
erties and molecular function as well as its localization to decipher the underlying mechanism in 
resistance to P. pachyrhizi.  
6.5.3 CL24, a member of GDSL-like lipases 
CL24 (At5g03610) belongs to the superfamily of GDSL-like lipase/acylhydrolase proteins in-
volved in lipid metabolic processes. GDSL esterases and lipases are hydrolytic enzymes with mul-
tifunctional properties such as broad substrate specificity and regiospecificity (Akoh et al., 2004). 
Although CL24 has not been implicated in disease resistance so far, several lipases, such as PAD4 
or EDS1, have been shown to be critical for R protein–triggered, basal and nonhost immune re-
sponses to invasive biotrophic pathogens (Feys et al., 2005; Lipka et al., 2005). Yet, in contrast to 
these class-3 lipases, the subclass of GDSL lipolytic enzymes possesses a distinct GDSL sequence 
motif that is different from the GxSxG motif found in many other lipases (Akoh et al., 2004). Nota-
bly, a secreted GDSL motif-containing lipase/hydrolase from Arabidopsis, GLIP1 has been re-
ported to be an essential component in defense against the necrotrophic pathogens A. brassicicola 
and E. carotovora as well as the hemibiotrophic bacterium P. syringae (Oh et al., 2005; Kwon et al., 
2009). It has been proposed that GLIP1 may play a dual role in the Arabidopsis defense response. 
First, functional but not enzymatically inactive GLIP1 protein exhibits antimicrobial activity by 
disrupting fungal spore integrity, thus directly interfering with the fungal infection process. Sec-
ond, GLIP1 may also play an indirect role in plant immunity by eliciting local and systemic re-
sistance in plants (Oh et al., 2005; Kwon et al., 2009). Similar to GLIP1, CL24 is also predicted to 
be secreted into the apoplast (softberry ProtComp9.0; score: 5.5). Thus, regarding its predicted 
subcellular localization, CL24 might also directly affect integrity of intercellular growing hyphae 
of P. pachyrhizi in infected tissue similar to GLIP1 in the interaction between Arabidopsis and 
A. brassicicola. To elucidate this possible direct effect of CL24 activity on plant resistance to 
P. pachyrhizi, localization, lipase activity as well as antimicrobial properties of CL24 protein will 
be investigated in future experiments. Also, analysis of marker gene expression in CL24 mutants 
and overexpression lines as well as investigation of the SAR-inducing capacity of CL24 will help 
to decipher an indirect impact of CL24 on plant resistance. 
6.5.4 CL22, a phospholipase-like protein 
CL22 (At2g16900) encodes a phospholipase-like protein of the pEARLI4 family. Although the 
CL22 protein is only about half the size of pEARLI4 (At2g20960), the C-terminal parts of the pro-
teins are 44% identical on the amino acid level and both share a coiled coil domain. PEARLI4, has 
been named after its early transcriptional upregulation after aluminium treatment (Richards et 
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al., 1998). Besides being induced by aluminium pEARLI4 is coexpressed with wax inducer1 
(WIN1)(Kannangara et al., 2007), but also with Arabidopsis MLO2 (Humphry et al., 2010), a key 
modulator of plant defense (Consonni et al., 2006). Furthermore, PEN2 is coexpressed with 
pEARLI4 and pearli4 mutants display increased susceptibility to G. orontii (Humphry et al., 2010). 
Yet, it is currently unclear how pEARLI4 contributes to disease resistance to the adapted powdery 
mildew. Thus, a possible molecular function for CL22 in resistance to P. pachyrhizi cannot be in-
ferred from these data. In general, phospholipases and phospholipid-derived molecules have been 
shown to be involved in plant signaling and immunity (Laxalt and Munnik, 2002; Munnik and 
Testerink, 2009; Canonne et al., 2011). Phospholipid-hydrolyzing enzymes can be activated upon 
perception of an invading pathogen, followed by production of important defense signaling mol-
ecules, such as oxylipins and jasmonates, as well as the potent second messenger phosphatidic 
acid (PA). PA has has emerged as a crucial secondary messenger in the regulation of numerous 
cellular functions, modulating the activity of a variety of proteins involved in defense signaling 
(Laxalt and Munnik, 2002). Interestingly, PA has also been found to act as a second messenger in 
wound-induced MAPK signaling in soybean (Lee et al., 2001), suggesting that the enhanced re-
sistance of CL22 overexpressing soybean to P. pachyrhizi (Figure 17) might be linked to increased 
levels of PA in response to fungal attack. Alternatively, CL22 function in planta might be associated 
with cytoskeleton dynamics upon infection, since the protein contains a domain which is thought 
to mediate F-actin binding. Future experiments will address whether interplay of CL22 and actin 
is necessary for CL22 function in NHR and improved resistance of CL22 expressing soybean lines 
to P. pachyrhizi. Furthermore, CL22 will be tested for phospholipase avtivity to investigate its pos-
sible role in plant signaling via production of phoshoplipid-derived messenger molecules. 
6.5.5 CL7, a germin-like protein  
Just as CL22, knockdown of CL7 in Arabidopsis increased the frequency of haustoria in infected 
Arabidopsis pen2, while its overexpression in soybean enhances resistance to P. pachyrhizi. Ger-
min-like proteins (GLPs) have been thoroughly studied in the context of plant defense. Several 
GLPs have been found to contribute to plant resistance to various pathogens (Christensen et al., 
2004; Zimmermann et al., 2006; Manosalva et al., 2009; Knecht et al., 2010; Breen and Bellgard, 
2010). Furthermore, localization to the apoplast/cell wall has been shown for some GLPs. Because 
of this and since many GLPs possess oxalate oxidase or superoxide dismutase activity (Lane et al., 
1993; Lane, 1994; Membré et al., 2000; Zimmermann et al., 2006; Irshad et al., 2008), it has been 
suggested that GLPs catalyze cell wall reinforcement by oxidative cross-linking or they protect 
leaves against infectious microorganisms by generating H2O2 (Yamahara et al., 1999; Christensen 
et al., 2004; Laloi et al., 2004). However, in contrast to the well described SOD HvGer4d, which 
increases resistance of barley and wheat to Bgh (Zimmermann et al., 2006; Christensen et al., 
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2004), neither SOD nor OXO activity was detected for the CL7 protein (data not shown and 
(Klasen, 2012; Kuehr, 2013)). Nevertheless, CL7 is predicted to localize to the apoplast/cell wall 
and might directly serve as a crosslinking substrate for cell wall reinforcement as proposed earlier 
(Schweizer et al., 1999; Christensen et al., 2004; Zimmermann et al., 2006). Since GLPs also func-
tion as ADP-glucose pyrophosphatases/phosphodiesterases (AGPPase) (Rodríguez-López et al., 
2001), serine protease inhibitors (Segarra, 2003), or proteins involved in auxin binding (Yin et al., 
2009), CL7 might alternatively contribute to resistance to P. pachyrhizi by another so far unknown 
pathway. The role of CL7 and other Arabidopsis or monocot GLPs in resistance to P. pachyrhizi as 
well as their biochemical properties and localization have been studied in more detail by Klasen 
(2012) and Kuehr (2013). 
6.5.6 Receptor-like kinases CL4 and CL15 
Among all candidate genes tested two receptor-like kinases (RLKs) (CL4 and CL15) were identi-
fied that contribute to Arabidopsis postinvasion NHR to P. pachyrhizi. While CL4 expression in 
soybean quantitatively enhanced resistance to ASR, the potential of CL15 in soybean protection 
has not been tested so far. CL4 and CL15 belong to separate RLK families. CL4 possesses an N-
terminal signal peptide, an extracellular region of unknown function, two extracellular LRR do-
mains, a transmembrane domain, and an intracellular protein kinase domain. Thus, CL4 is part of 
the Arabidopsis LRR-RLK subfamily which contains a minimum of 223 members that are sepa-
rated into 15 clades in Arabidopsis (Shiu and Bleecker, 2001; Gou et al., 2010). LRR-RLKs are im-
portant to innate immunity against pathogens by detecting MAMPs (Gómez-Gómez and Boller, 
2000; Zipfel et al., 2006; Heese et al., 2007; Schwessinger et al., 2011). Yet, in contrast to FLS2 and 
EFR or BAK1 and BKK1 which belong to group XII and group II LRR-RLKs respectively, CL4 is 
localizes to LRR-RLK group I (Gou et al., 2010), for which only one member (impaired oomycete 
susceptibility 1 (ios1); At1g51800;) with pathogen-related functions has been identified so far 
(Hok et al., 2011). Like other LRR-RLKs, CL4 might initiate signal transduction into the cell after a 
fungal-derived ligand is bound to the extracellular domains to induce defense reactions. Phos-
phorylation of CL4 upon elicitor treatment or inoculation with P. pachyrhizi will be studied to de-
cipher its mode of activation. Moreover, co-immunoprecipitation experiments might help deci-
phering CL4-dependent resistance signaling in reponse to P. pachyrhizi infection by identification 
of proteins that interact with CL4.  
In contrast to CL4, CL15 (AtLecRK2; LecRK-I.3) belongs to the subfamily of lectin receptor kinases 
that are characterized by their extracellular lectin motifs (Bouwmeester and Govers, 2009). Since 
LecRKs share structural homology with genuine sugar-binding lectins they are likely involved in 
perception of oligosaccharide or lipooligosaccharide signals (Navarro-Gochicoa et al., 2003). In 
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Arabidopsis some 86 genes encode lectin receptor kinases, which can be grouped into (i) GNA 
related (G-type), (ii) calcium dependent (C-type) or (iii) legume-like (L-type) according to their 
extracellular lectin motif (Bouwmeester and Govers, 2009). CL15 belongs to the L-type lectin re-
ceptor kinases (LecRLKs) which extracellular domain resembles soluble legume lectins that are 
highly abundant in seeds. Yet, in contrast to legume lectins it is unlikely that Arabidopsis LecRLKs 
bind monosaccharide molecules since sugar binding residues are only poorly conserved (André 
et al., 2005). Alternatively, they might be involved in recognition of small hydrophobic ligands like 
plant hormones or MAMPs, since they contain a more conserved hydrophobic binding site (Barre 
et al., 2002; André et al., 2005). LecRLKs play a role in multiple biological processes comprising 
plant development (Wan et al., 2008), hormone signaling (Xin et al., 2009), cell death (Kanzaki et 
al., 2008), and defense. It has been shown that the lectin-like domain of the plasma membrane-
residing Arabidopsis LecRK-I.9 (At5g60300) is involved in protein-protein interactions and can 
interact with the Phytophthora infestans RXLR-dEER effector IPI-O via a RGD cell attachment motif 
present in IPI-O (Bouwmeester et al., 2011). Moreover, LecRK-I.9 is essential for resistance of Ar-
abidopsis to Phytophthora brassicae, probably via strengthening of plasma membrane-cell wall 
adhesions that are destabilized by the IPI-O effector. Similar to P. brassicae, P. pachyrhizi might 
also release effector proteins during infection, particularly at the stage of haustoria formation, to 
destabilize the cell wall-plasma membrane continuum and to promote formation of haustorial 
feeding organs that are crucial for further fungal proliferation. CL15, showing 52% and 60% iden-
tity to the above described LecRK-I.9 on the amino acid and nucleotide level, respectively, might 
counteract this process and thereby assist to antagonize fungal infection. CL15 (AtLecRK2; LecRK-
I.3) has not been implicated in pathogen defense so far, but has been identified as a salt-respon-
sive, plasma membrane-localized serine/threonine kinase that is regulated by the ethylene sig-
naling pathway (He et al., 2004). Although ethylene responsiveness of CL15 does not fit its pro-
posed activation in postinvasion NHR, other data implies that CL15 can also be induced by SA 
(Figure 8). It will be interesting to see whether overexpression of CL15 has the capacity to enhance 
resistance to P. pachyrhizi. 
6.5.7 CL16 (UDP-glycosyltransferase UGT84A2/BRT1) and other genes of the phenylpro-
panoid metabolic pathway 
Among all candidate genes the function of CL16 (referred to as BRIGHT TRICHOMES 1; BRT1) in 
NHR of Arabidopsis to P. pachyrhizi has been characterized most thoroughly. BRT1 localizes to 
the phenylpropanoid metabolism, a pathway known to be crucial in various plant pathogen inter-
actions (La Camera et al., 2004; Dixon et al., 2002; Truman et al., 2006; Prats et al., 2007; Del Mar 
Rojas-Molina et al., 2007). BRT1 is transcriptionally upregulated only in pen2 mutants but not in 
the wild type or the pen2 pad4 sag101 triple mutant upon inoculation with P. pachyrhizi (Figure 
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12C) indicating that BRT1 is transcriptionally activated in response to fungal mesophyll invasion 
in a PAD4/SAG101-dependent manner. Interestingly, another gene of phenylpropanoid metabo-
lism, CL20 (cinnamate-4-hydroxylase; C4H, REF3) shows a similar induction pattern after inocu-
lation with the fungus (Figure 12A), whereas several other genes of the phenylpropanoid pathway 
were P. pachyrhizi-induced irrespective of the mutant background (Figure 12D and B). Only ex-
pression of few genes of this pathway was unaffected upon infection (Figure 12D and E). Notably, 
a shift toward lignin and/or sinapate ester biosynthesis was observed since most genes of this 
branch were transcriptionally activated. A similar induction of phenylpropanoid biosynthetic 
genes has also been detected during Rpp2-mediated resistance in P. pachyrhizi-challenged soy-
bean (Van de Mortel et al., 2007). Subsequent studies could even confirm that expression of the 
PPM-genes encoding phenylalanine ammonia lyase (PAL) or o-methyltransferases (O-MT) is es-
sential for Rpp2-mediated resistance (Pandey et al., 2011), supporting the significance of phe-
nylpropanoid metabolism in defense against P. pachyrhizi. Yet, contrary to the biphasic induction 
of flavonoid biosynthetic genes in P. pachyrhizi-infected soybean, which has been shown to be 
even more pronounced in an incompatible than a compatible interaction (Schneider et al., 2011), 
genes encoding flavonoid biosynthetic enzymes such as chalcone synthase were transcriptionally 
repressed in Arabidopsis upon P. pachyrhizi invasion (Figure 12D). Taken together, besides phe-
nylpropanoid metabolism generally appearing to be important in defense of both soybean and 
Arabidopsis against P. pachhyrizi, subsets of PPP-genes being induced in these pathosystems dif-
fer, indicating overlap as well as differences in defense of host and nonhost plants against the rust 
fungus. To analyze the contribution of phenylpropanoid metabolism or single components of the 
latter to Arabidopsis postinvasion NHR to P. pachyrhizi, pen2 brt1, pen2 fah1 and pen2 ref3 double 
mutants were created. Since pen2 ref3 mutants have not yet been analyzed for altered postinva-
sion NHR, only the function of BRT1 and FAH1 will be discussed in the following.  
BRT1 catalyzes the glucosylation of sinapic acid to sinapoylglucose (Milkowski et al., 2000; Lim et 
al., 2001; Fraser et al., 2007; Fraser and Chapple, 2011) which serves as a substrate for sin-
apoylmalate and sinapoylcholine synthesis in leaves and seeds, respectively (Strack, 1980, 1982; 
Strack et al., 1983; Mock and Strack, 1993; Lehfeldt et al., 2000; Shirley et al., 2001). In UV light, 
sinapoylmalate causes the leaf epidermis of wild-type Arabidopsis plants to fluoresce (Chapple et 
al., 1992; Ruegger et al., 1999; Ruegger and Chapple, 2001). This fluorescence is reduced in brt1 
and other mutants in the phenylpropanoid pathway referred to as reduced fluorescence (ref) mu-
tants (Ruegger and Chapple, 2001; Fraser and Chapple, 2011). In addition to being attenuated in 
sinapoylmalate biosynthesis and the associated epidermis fluorescence brt1 also has hyperfluo-
rescent trichomes in UV light (Ruegger and Chapple, 2001; Sinlapadech et al., 2007; Fraser and 
Chapple, 2011). The fluorescent trichome phenotype is caused by accumulation of sinapic acid-
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derived polyketides in trichome cells (Fraser and Chapple, 2011; Sinlapadech et al., 2007). While 
BRT1’s role in phenylpropanoid metabolism has been thoroughly studied, it has not been associ-
ated with plant disease resistance to date. Only gene expression data in the online databases Gen-
evestigator and eFP browser have indicated the transcriptional induction of BRT1 in response to 
pathogens or pathogen-derived signals such as flagellin 22, HrpZ, and GST-NPP1 (Figure 8). 
Various enzymes in the phenylpropanoid pathway and several UDP-glucosyltransferases other 
than BRT1 have been associated previously with pathogen defense of plants (Horvath and Chua, 
1996; Fraissinet-Tachet et al., 1998; O’Donnell et al., 1998; Mazel and Levine, 2002; Nishimura, 
2003; Poppenberger et al., 2003; Langlois-Meurinne et al., 2005). Yet, clear evidence for the as-
sumed role of phenylpropanoid enzymes in disease resistance is available only for some of them. 
For example, the tobacco UDP-glucosyltransferase TOGT1 contributes to the resistance to tobacco 
mosaic virus and potato virus Y in tobacco by regulating accumulation of the antiviral secondary 
metabolite scopoletin and/or its glucoside scopolin (Matros and Mock, 2004; Gachon et al., 2004; 
Langlois-Meurinne et al., 2005). In addition, in Arabidopsis the UGT DOGT1 (UGT73C5) can inac-
tivate and thus enhance tolerance to the Fusarium toxin deoxynivalenol (Poppenberger et al., 
2003). Furthermore, the Arabidopsis UDP-glucosyltransferase mutants ugt73b3 and ugt73b5 
have reduced resistance to Pseudomonas syringae pv. tomato harboring the avirulence gene 
AvrRpm1 (Langlois-Meurinne et al., 2005). Although the important role of these and several other 
UGTs in plant disease resistance has been shown, their biochemical function in planta remains 
elusive.  
Results presented here show that knockdown or mutation of BRT1 attenuates postinvasion mes-
ophyll resistance to P. pachyrhizi in pen2 (Figure 11, Figure 14, Figure S2B). The higher haustoria 
frequency in mesophyll cells of pen2 brt1 when compared with pen2 pad4 sag101 (Figure 14) may 
be a result of the complete loss of BRT1 expression in pen2 brt1, whereas the BRT1 gene is ex-
pressed at low basal levels in the pen2 pad4 sag101 triple mutant (Figure 12C). As the knockdown 
or mutation of BRT1 attenuates postinvasion mesophyll resistance to P. pachyrhizi in pen2 (Figure 
11, Figure 14, Figure S2B, Figure S4), BRT1 seems to act in postinvasive NHR either before or 
during fungal haustoria formation in mesophyll cells. As the proliferation of P. pachyrhizi hyphae 
also ceases after haustorium formation in a given mesophyll cell, defense components other than 
BRT1 and/or general lack of susceptibility inhibit further fungal development. Because hypersen-
sitive cell death was absent in the P. pachyrhizi-infected pen2 pad4 sag101 mutant, callose encase-
ment of haustoria might suffice to block further proliferation of the fungus. Hypersensitive cell 
death might serve as a next, perhaps more efficient defense response (Heath, 2002; Lipka et al., 
2005; Wen et al., 2011). Future studies will reveal whether or not simultaneous knockdown of 
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BRT1 and other candidate genes involved in either callose formation or yet to be identified pro-
cesses for postinvasive mesophyll resistance will turn Arabidopsis into a host plant for P. pach-
yrhizi. 
The mode of action of BRT1 in preventing haustoria formation in the pen2 mutant remains un-
clear. Prevention of haustoria development in this mutant seems not to be caused by inappropri-
ate localization of polyketides in the trichomeless pen2 brt1 double mutant. This conclusion is 
based on the finding that postinvasion mesophyll resistance is similar in pen2 brt1 and pen2 brt1 
gl1. However, it is unclear whether accumulation of polyketides and/or general redirection of 
phenylpropanoid metabolite flow in brt1 or BRT1dsRNAi lines attenuate mesophyll resistance in 
these genotypes. Indeed, previous reports indicated a possible role for fungal polyketides as mod-
ulators of plant defense (Böhnert et al., 2004). In a similar manner, accumulation of plant polyke-
tides in brt1 might attenuate Arabidopsis postinvasive mesophyll resistance to P. pachyrhizi. How-
ever, plant polyketides that accumulate as a result of mutated BRT1 have been shown to localize 
to trichomes (Sinlapadech et al., 2007). Thus, in mutants with trichomes, such as the pen2 brt1 
double mutant, polyketides are spatially separated from the invading fungus. Therefore, the accu-
mulation of polyketides in trichomes of brt1 does not impair postinvasive NHR in the brt1 meso-
phyll.   
Reduced sinapoylmalate levels in brt1 are another possible cause for the reduction in postinvasive 
mesophyll resistance to P. pachyrhizi in pen2 brt1. However, previous reports with the sin-
apoylmalate-deficient fah1 mutant, which is deficient in sinapic acid and its derivatives, including 
sinapoylmalate (Chapple et al., 1992) excluded this compound from being involved in resistance 
to the bacterial plant pathogen P. syringae (Hagemeier et al., 2001). The pen2 fah1 double mutant 
with reduced sinapoylmalate levels also was not impaired in postinvasive mesophyll resistance 
to P. pachyrhizi (Fig. 4). Thus, reduced sinapoylmalate levels in pen2 brt1 and pen2 BRT1dsRNAi 
plants appear not to be responsible for the observed impairment of postinvasive mesophyll in 
these genotypes.  
However, it cannot be excluded that the enhanced susceptibility of pen2 brt1 results from en-
hanced accumulation of some sinapate-derivatives or from presence of artificial metabolites that 
is caused by brt1 mutation and absent from wild-type plants. Also, although the infection pheno-
type of pen2 brt1 gl1 plants indicates that accumulation of fluorescent polyketides in trichomes is 
not of significance, it needs to be considered that Sinlapadech et al. (2007) focused their polyke-
tide analysis on trichomes. The authors did not report any experiment that would exclude pres-
ence of these compounds in epidermal and/or mesophyll cells of brt1 leaves. In this same respect, 
using LC/MS analysis Meissner et al. (2008) demonstrated that seeds of ugt84A2/brt1 knockout 
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plants accumulate several metabolites in higher amounts than seeds of wild-type plants. These 
results demonstrate that changes in the leaf metabolome of brt1 plants can be highly complex. 
Thus, it cannot be excluded that one or more metabolites are present in higher amounts in brt1 
and negatively affect NHR.  
As suggested by Hemm et al., (2003), putative regulatory links between sinapate metabolism and 
biosynthesis of glucosinolates exist. Likewise, an influence of BRT1 mutation on glucosinolate me-
tabolism cannot be excluded, potentially resulting in a modified pathogen response in the mutant. 
Reduced mesophyll resistance in the pen2 brt1 double mutant seems not to be caused by cell wall 
alterations in this mutant. This is because brt1 shows neither changes in the content nor the com-
position of lignin (Ruegger and Chapple, 2001). Only cell wall-bound, but not free sinapic acid was 
reduced in brt1 (Sinlapadech et al., 2007). Whether this reduction in free sinapic acid levels con-
tributes to the interaction phenotype of brt1 with P. pachyrhizi currently remains unclear. 
Yet another possible cause for the attenuated postinvasive mesophyll resistance to P. pachyrhizi 
in the brt1 mutant is the potential role of BRT1 in the detoxification of a hypothetical fungal com-
pound. The xenobiotic might be secreted during fungal colonization of the plant. Such a scenario 
was shown for Arabidopsis UGT73C5, which glucosylates and thus detoxifies deoxnivalenol 
(Poppenberger et al., 2003), a fungal virulence factor (Desjardins et al., 1996; Bai et al., 2002; 
Lemmens et al., 2005). In the Arabidopsis- P. pachyrhizi interaction such a hypothetical xenobiotic 
could attenuate plant defense, thus supporting fungal haustorium development. Although BRT1 
has high catalytic specificity for sinapic acid (Lim et al., 2001), it also accepts the phytotoxic xeno-
biotic 2,4,5-trichlorophenol (TCP) as a substrate, at least in vitro (Messner et al., 2003). Thus, 
BRT1 might similarly detoxify a yet unknown P. pachyrhizi compound by glucosylation. It will be 
challenging to identify the hypothetical xenobiotic in future work. 
In summary, using a global transcriptomic approach several genes could be identified which con-
tribute to Arabidopsis postinvasion NHR and/or resistance of soybean to P. pachyrhizi by so far 
unknown mechanisms. The mode of action by which these proteins antagonize development of 
the fungus in the nonhost and the host plant will be investigated in detail in upcoming studies.
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 Supplemental figures 
 
Figure S1. Histochemical analysis of P. pachyrhizi-challenged pen2 mutants. A) Epidermal cell death is induced 
upon penetration of P. pachyrhizi. BRT1-GFP expressing pen2 were inoculated with P. pachyrhizi. 24 hpi GFP fluores-
cence and autofluorescence was monitored by confocal laser scanning microscopy. Scale bar corresponds to 20µm. 
Note, that the penetrated epidermis cell in focus shows strong autofluorescence and cannot be plasmolyzed in contrast 
to surrounding cells, indicating that the cell has died. B) Callose encased haustorium of  P. pachyrhizi  in a mesophyll 
cell of Arabidopsis pen2 pad4 sag101. P. pachyrhizi-infected leaves were stained with trypan blue 48 h after inoculation 
, destained in saturated chloral hydrate and subsequently stained with aniline blue. Micrographs were taken under UV 
epifluorescence. Scale bar corresponds to 20 µm. (C) Fungal haustorium in P. pachyrhizi challenged pen2 pad4 sag101 
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48 hours after inoculation. Leaves were stained with DAB, destained in chloral hydrate and inspected by brightfield 
microscopy. Scale bar corresponds to 20 µm.  
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Figure S2. Candidate gene silencing in pen2 leads to moderate or severe reduction in postinvasion NHR to 
P. pachyrhizi. Leaves of pen2 and transgenic dsRNAi lines (all in gl1 mutant background) were inoculated with P. pach-
yrhizi and harvested at 2dpi for determination of candidate gene expression and trypan blue staining. 200 interaction 
sites on two leaves of each tested plant were analyzed microscopically. Frequency of haustoria formation (upper panel 
A and B) and expression of candidate gene (lower panel A and B) in inoculated leaves is shown separately for individual 
transformants of several dsRNAi lines in the T1 and T2 generation and corresponding non-transgenic pen2 mutants of 
the same experiment. The average frequency of haustoria (columns on the right) was calculated from only those dsRNAi 
lines that showed a severe reduction in candidate gene expression (grey columns without frame). The total number of 
plants and interaction sites used for calculation of the average haustoria frequeny of a dsRNAil line are listed in Table 
3. Note, that that a moderate reduction of CL7 and CL16 expression only slightly affects haustoria formation in corre-
sponding dsRNAi lines (framed grey columns), indicating a dose dependent effect of CL7 and CL16 candidate gene si-
lencing on postinvasion NHR. 
 
 
Figure S3. Sinapoylmalate detection by HPLC or TLC. A) HPLC profiles of leaf methanolic extracts. Methanolic ex-
tracts were separated on a C18 column in a 2-35% acetonitrile gradient. The only fluorescent substance being detected 
at 24,5 min retention time (Excitation: 335nm/emission: 460nm) is likely to be sinapoylmalate, since it is absent in fah1 
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mutants and decreased in ref3, brt1 mutants as well as BRT1 dsRNAi lines. B) Standard curve sinapoylmalate quantifi-
cation. C) Methanolic extracts of wild type and fah1 were separated by TLC using  silica plates as stationary phase and 
5:2:3 (v/v) mixture of n-butanol, glacial acetic acid and H2O as mobile phase. Only a single fluorescent band can be 
detected in wild type leaf extracts at 366 nm excitation. Since this band is absent in fah1 it likely represents sin-
apoylmalate. 
 
 
Figure S4. Frequencies of haustoria formation in infected Arabidopsis genotypes only slightly increase between 
2 and 4 dpi. Leaves were harvested  two, three and four days after inoculation with P. pachyrhizi and the frequency of 
haustoria development was determined microscopically after trypan blue staining. Per genotype and point of time at 
least 300 penetration events on three different plants were analyzed. 
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 Supplemental tables 
Table S1. Promoter analysis of candidate genes. The ATHENA  transcription factor binding site enrichment tool 
was used to to identify statistically overrepresented  transcription factor sites occurring in candidate gene promoters 
in the -1 to -1000 region with cutoff at adjacent genes. Numbers and percentages of candidate genes containing differ-
ent cis-elements were compared to their occurance in promoters of the entire Arabidopsis genome. Note, that  among 
all included promoter motives, only W-oxes are statistically overrepresented (p < 10-3) among the set of 24 candi-
date genes. With exception of CL1 and CL14 all candidate genes contain one or more W-boxes in their -1 to -1000 pro-
moter region. 
 
Transcription factor/motif name Promoters in subset 
(%/number of candidate 
genes) 
Pomoters  in genome (%/number 
of Arabidopsis genes) 
p-value 
    
TATA-box Motif 95%       23 75%    22707 0.010 
W-box promoter motif 91%       22 58%    17449 < 10e-3 
MYB1AT 79%       19 73%    22181 0.368 
MYB4 binding site motif 58%       14 64%    19250 0.788 
CARGCW8GAT 50%       12 53%    16208 0.722 
GAREAT 50%       12 47%    14315 0.486 
T-box promoter motif 45%       11 45%    13820 0.583 
Ibox promoter motif 41%       10 32%     9831 0.232 
BoxII promoter motif 37%        9 36%    10951 0.532 
AtMYC2 BS in RD22 37%        9 29%     8868 0.256 
MYCATERD1 37%        9 29%     8868 0.256 
CCA1 binding site motif 29%        7 23%     7075 0.328 
MYB2AT 25%        6 23%     7097 0.514 
ABRE-like binding site motif 25%        6 18%     5493 0.265 
ARF binding site motif 25%        6 30%     9245 0.794 
DRE core motif 25%        6 18%     5550 0.274 
ACGTABREMOTIFA2OSEM 20%        5 12%     3894 0.191 
L1-box promoter motif 16%        4 13%     3965 0.392 
Gap-box Motif 16%        4 8%      2609 0.149 
MYB binding site promoter 16%        4 24%     7413 0.877 
ATHB2 binding site motif 16%        4 9%      2996 0.212 
MYB1LEPR 12%        3 14%     4355 0.696 
GADOWNAT 12%        3 7%      2316 0.280 
SV40 core promoter motif 8%         2 15%     4605 0.901 
AtMYB2 BS in RD22 8%         2 9%      2999 0.706 
Hexamer promoter motif 8%         2 7%      2343 0.568 
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Z-box promoter motif 4%         1 2%       674 0.419 
MYB1 binding site motif 4%         1 4%      1438 0.691 
TELO-box promoter motif 4%         1 8%      2536 0.879 
CArG promoter motif 4%         1 6%      1841 0.780 
DREB1A/CBF3 4%         1 5%      1767 0.766 
TGA1 binding site motif 4%         1 2%       825 0.487 
RAV1-B binding site motif 4%         1 9%      2807 0.904 
EveningElement promoter motif 4%         1 6%      1893 0.790 
AGATCONSENSUS 4%         1 1%       323 0.228 
CACGTGMOTIF 4%         1 13%     4045 0.968 
UPRMOTIFIAT 4%         1 2%       825 0.487 
RY-repeat promoter motif 4%         1 2%       850 0.497 
LEAFYATAG 4%         1 8%      2489 0.874 
UPRMOTIFIIAT 4%         1 2%       889 0.513 
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 Abbreviations 
Abbreviation Meaning 
°C Degree Celsius 
A Ampere 
A260/280 Absorbance at 260 and 280 nm 
ABC ATP binding cassette 
ABRC Arabidopsis biological resource center 
acd6 Accelerated cell death 6 
ACE Avr/Cf-elicited 
ADP Adenosine diphosphate 
AGB1 Arabidopsis G-protein beta subunit  
AGPPase ADP glucose pyrophosphatase 
amiRNA Artificial micro RNA 
ANOVA Analysis of variance 
ASR Asian soybean rust 
At Arabidopsis thaliana 
Pep1 DAMP peptide 1 
AVR Avirulence 
BAK1 BRI1-associated receptor kinase 1 
BAR Basta (glufosinate;phosphinothricin) resistance 
Bgh Blumeria graminis f.sp. hordei 
BKK1 BAK1-LIKE 1 
Bp Base pair 
BRT1 Bright trichomes 
BTH Benzothiodiazole 
C4H Cinnamate-4-hydroxylase 
CaCl2 Calcium chloride 
CAPS Cleaved amplified polymorphic sequence 
cDNA Complementary DNA 
Cf Cladosporium fulvum 
CHS Chalcone synthase 
CLSM Confocal laser scanning microscopy 
Col-0 Columbia-0 
CWDE Cell wall degrading enzymes 
CYP Cytochrome P450 
Da Dalton 
DAB Diaminobenzidine 
DAMP Damage associated molecular pattern 
dATP Deoxyadenosine triphosphate 
dCAPS Derived CAPS 
dCTP Deoxycytidine triphosphate 
ddH2O Bidistilled water 
dGTP Deoxyguanosine triphosphate 
DANN Deoxyribonucleic acid 
dNTP Deoxyribonucleotide 
DON Deoxynivalenol 
DOGT1 DON-Glucosyltransferase 1 
Dpi Days post inoculation 
dsRNAi Double stranded RNA interference 
dTTP Deoxythymidine triphosphate 
EDR1 Enhanced disease resistance 
EDS1 Enhanced disease susceptibility 
EDTA Ethylenediaminetetraacetic acid 
EFR EF-Tu receptor 
EF-Tu Elongation factor thermo unstable 
EHC Encasement of the haustorial complex 
EMS Ethyl methanesulfonate 
9 Appendix 103 
ET Ethylene 
ETI Effector triggered immunity 
ETS Effector triggered susceptibility 
F5H Ferulate-5-hydroxylase 
F-actin Filamentous actin 
fah1 Ferulic acid 5 hydroxylase 1 
FiRe Find regulons 
FLG22 flagellin 22 
f. sp. forma specialis 
g Gram 
G Gravitational acceleration 
gDNA Genomic DNA 
GFP Green fluorescent protein 
GL1 Glabrous1 
GLIP1 GDSL-Lipase1 
GLP Germin-like protein 
Gm Glycine max 
GNA Galanthus nivalis agglutinin 
GO Gene ontology 
GSL5 Glucan synthase like 5 
h Hour 
H2O Water 
H2O2 Hydrogen peroxide 
HCl Hydrogen chloride 
HCL Hierarchical clustering 
hpi Hours post inoculation 
HPLC High pressure liquid chromatography 
HR Hypersensistive response 
HrpZ Harpin Z 
IFG Integrierte funktionelle Genomik  
irg1 Inhibitor of rust germ tube 
ISR Induced systemic resistance 
JA Jasmonic acid 
KAc Potassium acetate 
kb Kilobase 
KCl Potassium chloride 
KH2PO4 Potassium dihydrogen phosphate 
l Liter 
LB Left border 
LecRK Lectin recepteor kinase 
LPS Lipopolysaccharides 
LRR Leucine rich repeat 
m Meter 
M Mol 
MAMP Microbe associated molecular pattern 
MAPK Mitogen activated protein kinase 
MeJA Methyl jasmonate 
MeV Multiple experiment viewer 
MgCL2 Magnesium chloride 
min Minute 
MM Mismatch 
MOPS 3-morpholinopropane-1-sulfonic acid  
mRNA messenger RNA 
N2 Nitrogen 
NaCl Sodium chloride 
NahG Salicylate hydroxylase 
NaOH Sodium hydroxide 
NB-LRR Nucleotide binding- leucine rich repeat 
NCBI National Center for Biotechnology information 
NHR Nonhost resistance 
NO Nitric oxide 
NPR1 Nonexpresssor of pathogenesis related genes 1 
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OD Optical density 
OMT (O-MT) O- Methyltransferase 
OXO Oxalate oxidase 
PA Phosphatidic acid 
pad4 Phytoalexin deficient 4 
PAL1 Phenylalanine ammonium lyase 1 
PALM1  Palmate-like pentafoliata 1 
PAMP Pathogen associated molecular pattern 
PCA Principal component analysis 
PCR Polymerase chain reaction 
PDF1.2 Plant defensin 1.2 
PDR Pleiotropic drug resistant 
pEARLI4 Early Arabidopsis aluminium-induced gene 4 
pen Penetration 
PM Perfect match 
pmr Powdery mildew resistant 
PPM Phenylpropanoid metabolism 
PR Pathogenesis related 
PRR Pattern recognition receptor 
PSS1 Phythophtora sojae secreted 1  
PTI PAMP-triggered immunity 
R Resistance 
RbCl Rubidium chloride 
RB Reddish-brown 
Ref Reduced fluorescence 
RLK Receptor-like kinase 
RMA Robust multi-array average 
RNA Ribonucleic acid 
ROR Required for mlo-specified resistance  
ROS Reactive oxygen species 
rpm  Rounds per minute 
Rpp Recognition of Phakopsora pachyrhizi 
RT Room temperature 
RT-qPCR Real time quantitative polymerase chain reaction 
s Second 
SA Salycilic acid 
SAG101 Senescence asssociated gene 101 
SAR Systemic acquired resistance 
SBR Soybean rust 
SD Standard deviation 
SDS Sodium dodecyl sulfate 
SMT Sinapoylglucose: malate sinapoyltransferase 
SNARE Soluble NSF (N-ethylmaleimide–sensitive factor) attachment protein receptor 
SNG1 Sinapoylglucose accumulator 1 
SOD Superoxide dismutase 
T0 First transformant generation  
TAE Tris base, acetic acid, EDTA 
TAIR The Arabidopsis information resource 
Taq Thermus aquaticus 
TCP Trichlorophenol 
T-DNA Transfer-DNA 
TE Tris base, EDTA 
TLC Thin layer chromatography 
Tm Melting temperature 
TOGT1 Tobacco glucosyltransferase 
Tris Tris (hydroxymethyl)-aminomethan 
UGT UDP-Glucosyltransferase 
UV Ultraviolet 
V Volt 
v/v Volume per volume 
var. Variety 
w/v Weight per volume 
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W82 Willams 82 
WIN1 Wax inducer 1 
wt Wild type 
Xoo Xanthomonas oryzae pv. oryzae 
YEB Yeast extract broth 
 
 Oligonucleotides 
Purpose Name Oligonucleotide sequence (5'-3') 
Product 
length 
(cDNA) 
Product 
length 
(gDNA) 
Overexpression  CL2_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGAACTCTGCTGCGAT 1947 bp 2535 bp 
Overexpression  CL2_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATCAACGAGGACTTAACTCGGT   
Overexpression  CL3_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCAGCTCAAATCATCATCAC 546 bp 546 bp 
Overexpression  CL3_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATCACAAACCCCTTTCTAACATTTC   
Overexpression  CL4_GWY_ F_neu GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAATCTCTTCACTGGTT 2673 bp 3846 bp 
Overexpression  CL4_GWY_ R_neu GGGGACCACTTTGTACAAGAAAGCTGGGTATTATCTGGCTCCAGGAG   
Overexpression  CL5_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTTTTTCTCTAAGGATCTTCC 1518 bp 1711 bp 
Overexpression  CL5_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTATGTCCAAAACAATACAAGC   
Overexpression  CL6_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTTCAAGACAAGGATTG 2490 bp 3319 bp 
Overexpression  CL6_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTACTAGAGTTTAGGTTTGACTATGCTGAC   
Overexpression  CL7_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAAAGTTTCTCATTTCTTGCAG 669 bp 774 bp 
Overexpression  CL7_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTATGGTTTTATGAACTTGGTCTGT   
Overexpression  CL8_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGAAAATCCTATCGATTCTCTTC 4401 bp 5195 bp 
Overexpression  CL8_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGCTTCTTTTGGATTTGGATT   
Overexpression  CL9_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTGGTAAAGGAGAAGGTC 1962 bp 2270 bp 
Overexpression  CL9_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGTCGACTTCCTCGATCTTG   
Overexpression  CL10_GWY_F_2 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGGAGAAACGTATCTGATCATGC 3054 bp 3054 bp 
Overexpression  CL10_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATCATGATCTCTTCTTCCATTTCAGG   
Overexpression  CL11_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGATGACCCAAAAACCA 936 bp 1466 bp 
Overexpression  CL11_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTAATTGGAAAAATTATCGGTGT   
Overexpression  CL12_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGTTCTTGGTTTCA 525 bp 525 bp 
Overexpression  CL12_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTACAACATATTAGTAAA   
Overexpression  CL13_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTACTTGGAAACTCCTCCA 267 bp 267 bp 
Overexpression  CL13_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTACTAGGCGCTCTTAGTCATCCA   
Overexpression  CL14_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGAGATCACCACTATCATATTCC 1536 bp 1654 bp 
Overexpression  CL14_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATCACTTTCTCCTTGGATAAATATTTGC   
Overexpression  CL15_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTTGTAGACTATATTTGGCTTT 1995 bp 1995 bp 
Overexpression  CL15_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTATCTTCCATGCCCGTCCA   
Overexpression  CL16_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGAGCTAGAATCTTCTCCTCCTCTA 1491 bp 1491 bp 
Overexpression  CL16_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTAAAAGCTTTTGATTGATCCAG   
Overexpression  CL17_GWY_F_new GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCGACTGGTCGATACA 1998 bp 3880 bp 
Overexpression  CL17_GWY_Rnew GGGGACCACTTTGTACAAGAAAGCTGGGTATTACACTCGTAGCTGCACTTCT   
Overexpression  CL18_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCCTGAGGCACCAAAG 1839 bp 2244 bp 
Overexpression  CL18_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGTTACTCCCCCATTGCTTG   
Overexpression  CL19_GWY_F_new2 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGATGAATATGTAGAGGATGAACA 654 bp 2342 bp 
Overexpression  CL19_GWY_R_new2 GGGGACCACTTTGTACAAGAAAGCTGGGTATTAAGTAAAAAAGAGAAGAAAATAACG   
Overexpression  CL20_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGACCTCCTCTTGCTGGA 1518 bp 1823 bp 
Overexpression  CL20_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTAACAGTTCCTTGGTTTCATAACG   
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Overexpression  CL21_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGATGACAATATGG 2160 bp 2160 bp 
Overexpression  CL21_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATCAACCGTTGTTTGACAT   
Overexpression  CL22_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGATGTCAATCGGAAAGCTC 1149 bp 1518 bp 
Overexpression  CL22_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATCACAGAAGTTCATCAAGAAACG   
Overexpression  CL23_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGACGAACTTTTTGTCTCAAT 2085 bp 2440 bp 
Overexpression  CL23_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTAATAACAACCACAAAAAAGAAACTT   
Overexpression  CL24_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGATTCTTTGATCAAACTCTTCTTCT 1080 bp 2677 bp 
Overexpression  CL24_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATCACGCTTTAATCAAAGACGCGGTAA    
     
Silencing CL1dsRNAi_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAAGCAGAGCAAGTCCATAAGC 352 bp 352 bp 
Silencing CL1dsRNAi_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATGGAGTAATTGGCGGCAAC   
Silencing CL2dsRNAi_GWY_F2 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAAAACCCTCCACGGAGTTAAAGC 394 bp 394 bp 
Silencing CL2dsRNAi_GWY_R2 GGGGACCACTTTGTACAAGAAAGCTGGGTAGCGAATGTGTCGATAGCAACAG   
Silencing CL4dsRNAi_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTATGTGGGTTGGTGCCTAAG 197 bp 197 bp 
Silencing CL4dsRNAi_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTAGCCGTGAGGTTGACATTG   
Silencing CL8dsRNAi_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTATTCTCCTCCAGCCCATCTACC 492 bp 492 bp 
Silencing CL8dsRNAi_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTAGAAACAAGCCAGCGCAGAC   
Silencing CL12dsRNAi_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTACGTGCGTATATGGAAAGC 401 bp 401 bp 
Silencing CL12dsRNAi_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTAACAATTGCGGGTCTTTCG   
Silencing CL14dsRNAi_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGTTGGCTCTGATGTGTTTCG 307 bp 307 bp 
Silencing CL14dsRNAi_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTACCTCTTCTTCCCTCCTTCTTTC   
Silencing CL15dsRNAi_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGCCTGTCAAGTCAACAAG 298 bp 298 bp 
Silencing CL15dsRNAi_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTAGTTGCGTATGCATGAGAG   
Silencing CL17dsRNAi_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTATGGGTTATGACGCTCTTG 129 bp 129 bp 
Silencing CL17dsRNAi_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTAAGTGTGAAGCCATCCATC   
Silencing CL20dsRNAi_GWY_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGACCTCCTCTTGCTGGA 1518 bp 1823 bp 
Silencing CL20dsRNAi_GWY_R GGGGACCACTTTGTACAAGAAAGCTGGGTATTAACAGTTCCTTGGTTTCATAACG   
     
RT-qPCR CL1_RT_F AGAAGGAGCAAGTGTGGAGAA 103 bp  
RT-qPCR CL1_RT_R TCTTTGATTCCAGCTCCTCA   
RT-qPCR CL2_RT_F CTCCTCGAGCTTTGATTCCT 142 bp  
RT-qPCR CL2_RT_R TGATCAGACCGATAAAGACGA   
RT-qPCR CL3_RT_neu_F CCGTTTCCTTTCCCTTCTTC 83 bp  
RT-qPCR CL3_RT_neu_R TCTTGTGTTCAAGCCACTCG   
RT-qPCR CL4_RT_F TGGAAACCCGAACCTTAATC 145 bp  
RT-qPCR CL4_RT_R GATAGCAACCATGGGAACCT   
RT-qPCR CL5_RT_F GCAGTGGATTTACCCAACAG 136 bp  
RT-qPCR CL5_RT_R CCCGATAACGTCAATGGTC   
RT-qPCR CL6_RT_F CCAAGCAGATGAGGAGTTCA 82 bp  
RT-qPCR CL6_RT_R AAAGCACCAAACCACAACAA   
RT-qPCR CL7_RT_F TCTTCAGGACTTTTGCGTTG 87 bp  
RT-qPCR CL7_RT_R ATTAGGTGGTCTTGCCTCGT   
RT-qPCR CL7_RT_new_F GTTTCCACAGGGACTCATTC 113 bp  
RT-qPCR CL7_RT_new_R ACACGGTGTCAGCAATAG   
RT-qPCR CL8_RT_F GCTTGGCAGGTCCTTATTGT 131 bb  
RT-qPCR CL8_RT_R CTCGAGCTGCGGATATGTAA   
RT-qPCR CL9_RT_F GAACCAAGTCGCCATGAAC 144 bp  
RT-qPCR CL9_RT_R CTTTGGACAGATGCGTCACT   
RT-qPCR CL10_RT_F TCATACACCGCCATTGATCT 110 bp  
RT-qPCR CL10_RT_R AAGCCATTAGGACCACCAAG   
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RT-qPCR CL11_RT_F TTCCGCATATGGAGTGTTGT 82 bp  
RT-qPCR CL11_RT_R ACCCAAACCATATTGGTCAAG   
RT-qPCR CL12_RT_F CCGCTCAAACTCTCATTCAA 117 bp  
RT-qPCR CL12_RT_R : GGCTTTGCTTTGTGGATCTT   
RT-qPCR CL13_RT_F AGGGCTTCGAGTATGCAGAT 91 bp  
RT-qPCR CL13_RT_R TCAACATCCTCTGCTTTTGC   
RT-qPCR CL14_RT_F TCAGCGTCCTCAACATCTTC 91 bp  
RT-qPCR CL14_RT_R TTGCGTTCACGTATCGAAGT   
RT-qPCR CL15_RT_F AAGCCGTTTGATTTTGATCC 127 bp  
RT-qPCR CL15_RT_R CACCATCAGCTCCCAACTTA   
RT-qPCR CL15_RT_new 3´_F TTCTGAAACTTGGGTTACTCTG 102 bp  
RT-qPCR CL15_RT_new 3´_R AAATCGGTAAGGGTAAGTCTT   
RT-qPCR CL16_RT_F TTCTCCTCCTCTACCTCCTC 116 bp  
RT-qPCR CL16_RT_R AGCTAAGAGCTTACCAAGACGAA   
RT-qPCR CL17_RT_F TCCTATGCTTGGTCGTAGAGAA 127 bp  
RT-qPCR CL17_RT_R TTTTCCAACTCCAATAGTTCTGAT   
RT-qPCR CL18_RT_F GATCAACAGAATCGCCAATG 119 bp  
RT-qPCR CL18_RT_R CGATTGTTGGCATCAGTTTC   
RT-qPCR CL19_RT_neu_F GATCAAAATGAGGCGGAGAA 112 bp  
RT-qPCR CL19_RT_neu_R CCTTTTTAACGACGGTCCAA   
RT-qPCR CL20_RT_F TCGAAGAATCGCTCTTTTCA 89 bp  
RT-qPCR CL20_RT_R GCTCAGCTTCAAGGATGTGA   
RT-qPCR CL21_RT_F TCCTGAGTTCCCCAATTTTC 119 bp  
RT-qPCR CL21_RT_R CAACTCCGGTAGACTCCACA   
RT-qPCR CL21_RT_new 3´_F GTTGGAGTGCAATGTCATCAG 114 bp  
RT-qPCR CL21_RT_new 3´_R TCGATCCTTTGACCGTCATAG   
RT-qPCR CL22_RT_F CCTCTATCCCCAAACAGCAT 116 bp  
RT-qPCR CL22_RT_R GCTGTGTCATTCTTGCCACT   
RT-qPCR CL23_RT_F CTTGCACATGTTGCTTTGGT 119 bp  
RT-qPCR CL23_RT_R GCGAGTGAAAGACAAGTCCA   
RT-qPCR CL24_RT_F TCAAACTCTTCTTCTGCCTCTTT 116 bp  
RT-qPCR CL24_RT_R CTTCGTTGGCCTAAATGGAT   
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 Vectors used in this study 
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 Clones used in this study 
clone candidate gene (CL) Stock number Origin   
amiRNA clone  CL3 CSHL_053048  ABRC   
amiRNA clone  CL5 CSHL_070753  ABRC   
amiRNA clone  CL7 CSHL_074851    ABRC   
amiRNA clone  CL11 CSHL_042284  ABRC   
amiRNA clone  CL18 CSHL_079449  ABRC   
amiRNA clone  CL19 CSHL_033827  ABRC   
amiRNA clone  CL21 CSHL_058063  ABRC   
amiRNA clone  CL23 CSHL_058261  ABRC   
CATMA clone CL6 CATMA5a09970  ABRC   
CATMA clone CL9 CATMA5a01570  ABRC   
CATMA clone CL10 CATMA3a22840 ABRC   
CATMA clone CL13 CATMA1a23520  ABRC   
CATMA clone CL16 CATMA3a21430  ABRC   
CATMA clone CL22 CATMA2a15560  ABRC   
CATMA clone CL24 CATMA5a02790  ABRC   
BRT1:BRT1-GFP CL16-GFP --- Clint Chapple (Purdue University, Indiana; USA)   
 
 Seeds used in this study 
genotype Origin 
wt (Col-0) Volker Lipka (Göttingen University, Germany) 
pen2-1 (gl1) Volker Lipka (Göttingen University, Germany) 
pen2-1 pad4-1  Volker Lipka (Göttingen University, Germany) 
sag101 NASC (N661816; SALK_022911) 
brt1-1 Clint Chapple (Purdue University, USA) 
fah1-2 Clint Chapple (Purdue University, USA) 
ref3-3 Clint Chapple (Purdue University, USA) 
 
 Internet resources, stock centres, databases and software 
• Sequence information and GO annotation:  
TAIR (The Arabidopsis Information Resource),  
(http://www.arabidopsis.org/) 
• Genbank (National Center for Biotechnology Information, NCBI), 
(http://www.ncbi.nlm.nih.gov/genbank/) 
• Promoter analysis:  
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ATHENA (Arabidopsis expression network analysis), (http://www.bioinformat-
ics2.wsu.edu/cgi-bin/Athena/cgi/home.pl) 
• Acquisition of seeds:  
NASC (European Arabidopsis Stock Center), (http://arabidopsis.info/) 
• Acquisition of clones: 
Arabidopsis Biological Rescource Center (ABRC), (http://abrc.osu.edu/) 
• Primer design for genotyping of SALK T-DNA insertion lines:  (http://sig-
nal.salk.edu/tdnaprimers.2.html) 
• Primer design: Primer3  
(http://frodo.wi.mit.edu/)) 
Clone Manager Professional Suite version 8.0 
• Calculation of primer Tm for proofreading PCR: 
Thermo Scientific Tm calculator  
(http://www.thermoscientificbio.com/webtools/tmc/) 
• Analysis of RT-qPCR raw data:   
ABI 7300 software (Applied Biosystems) 
• Gene expression databases: 
Electronic Fluorescent Pictograph (eFP) browser  
(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) 
Genevestigator  
(https://www.genevestigator.com/) 
• Sequence alignment:  
Basic local alignment search tool (BLAST), (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
ClustalW (www.ebi.ac.uk/Tools/msa/clustalw2/) 
Clone Manager Professional Suite version 8.0 
• In silico cloning: 
Clone Manager Professional Suite version 8.0 
• Software for acquisition of agarose gels: 
DeVision G version 2.0 (DECON SCIENCE TEC) 
• siRNA off target search: 
siRNA Scan (http://bioinfo2.noble.org/RNAiScan.htm) 
• Normalization of microarray expression data: 
Gene Expression Pattern Analysis Suite (GEPAS), (http://www.gepas.org/) 
• Identification of differentially expressed genes  
Find Regulons (FiRe), (http://www.unifr.ch/plantbio/FiRe/main.html) 
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• Quality control of microarray geneexpression data: 
Multiple experiment viewer (MeV) volume 4.4.1, (http://www.tm4.org/mev/) 
RobiNA (http://mapman.gabipd.org/web/guest/robin) 
• Statistical analysis: 
Sigma Stat 3.1 (Systat Sowtware Inc.) 
• Generation of Boxplots 
Gnumeric  1.10.16 
• Primer design for single nucleotide polymorphism analysis: 
dCAPS Finder 2.0 (http://helix.wustl.edu/dcaps/dcaps.html) 
• Processing and analysis of CLSM images: 
Leica Confocal Software Lite version (Leica Microsystems) 
• Acquisition of microscopical images: 
Mikroskopische Diskussion (DISKUS), (Carl H. Hilgers) 
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